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S^ih^t^ 
Among the oxide-ion electrolytes, the BIMEVOX family of a 
layered Aurivillius-type structure is most important due to their high 
conductivity and promising, technological applications in many solid 
oxide devices. Aim of the present research work titled **Study of the 
phase transitions and the ionic conductivity of solid electrolytes'^ is to 
rationalize the correlation between the complex polymorphism and ionic 
conductivity in new BIMEVOX solid electrolytes derived by the partial 
substitution of Cd^ ,^ Hf^ ^ and Ce"^ ,^ for V^^  in the bismuth vanadate, 
Bi4V20n^. The thesis consists of five chapters which are briefly 
summarized as follows: 
Chapter-1: General introduction 
Migration of ions/vacancies in the crystal lattice of solids under 
weak restoring forces is an essential condition for solid electrolytes, due 
to which such solids have a high ionic conductivity (0.1-10~^S.cm~'). 
Accordingly, solid electrolytes can be considered as an intermediate, 
between metals and insulators. 
On the other hand, on the basis of the structure, the solid 
electrolytes are also considered as an intermediate between liquid 
electrolytes which have mobile ions with no regular structure and normal 
crystalline solids, possessing a regular three dimensional structure with 
1 
immobile ions. The high ionic conductivity exhibited by solid electrolytes 
is generally correlated with the presence of defects (intrinsic or extrinsic) 
in the crystal lattice or /and with the disordering phenomena, resulting 
from the occurrence of phase transitions in a material. 
Solid electrolytes can be cationic (Ag^, Cu^, Na^, Li^, HT, etc.) or 
-J 
anionic (O , F , I , etc.). Their classification is based on the density of 
defects in a crystal lattice. There is a wide range of potential 
technological applications for these materials in many practical solid state 
devices such as: 
(i) Gas/Oxygen sensors. 
(ii) Solid electrolyte batteries, e.g. Na-S cell. 
(iii) Chemotronic components, e.g. time switches, coulometers, 
capacitors, analog memories, etc. 
(iv) Fuel cell, essentially solid oxide fuel cells (SOFCs). 
Oxide-ion electrolytes have drawn much attention due to their 
application in the SOFCs. Briefly, the most important families of metal 
oxides that have been regarded as promising IT-SOFC electrolytes are: 
(i) Oxide-ion electrolytes based on fluorite-type Bi203 phase. 
(ii) Oxide-ion electrolytes based on doped ceria. 
(iii) Oxide-ion electrolytes with ABOs-perovskite structure. 
(iv) Oxide-ion electrolytes with brownmillerite like structure. 
(v) Oxide-ion electrolytes of Aurivillius family. 
Chapter-2: BIMEVOX-based solid electrolytes: 
In recent years, many researches have been based on materials with 
high oxide-ion conductivity at lower temperatures. Among these are 
Bi4V20i |-based oxide-ion conductors, denoted by BIMEVOX 
(BI=Bismuth, ME=Metal, V=Vanadium and OX=Oxide). BIMEVOXes 
constitute a large family of oxide-ion electrolytes that are generally 
derived from the parent compound Bi4V20i i by the partial substitution of 
V by a large range of cations. The parent compound structurally is a 
layered Aurivillius type of compound which can be formulated as 
(Bi202) (VO3.5D0.5) , where D represents an oxide ion vacancy in the 
perovskite-like slabs (vanadate layers). 
Depending on temperature, the Bi4V20ii_5 exhibits three principal 
phases, namely a (monoclinic), P (orthorhombic) and y (tetragonal) with 
two successive polymorphic transformations; a<->P and |3<->y at about 
445 and 568°C, respectively. More recently, a metastable 8-(disordered 
orthorhombic) phase has also been identified in the temperature range ~ 
650-690''C. Moreover, the models explaining the occurrence of both 
a<->P and P<^ Y transitions have been proposed on the basis of the results 
obtained from the combined X-ray and neutron diffraction data. Such 
models are in satisfactory agreement with the suggested interpretations 
for the difference in the conductivities and activation energies of 
conduction, corresponding to these polymorphs. However, the fully 
disordered y-phase of most stabilized BIMEVOXes could be preserved at 
room temperature by rapid quenching of the so-annealed samples on air. 
It has been found that the parent compound has a flexible host 
structure for substitution of a wide range of cations spanning the entire 
range of sizes possible from Boron to Barium. The substitution of iso-or 
aliovalent cations for V in the parent compound suppresses y ^ a and 
y->P transitions, resulting in the stabilization of the fiilly disordered y-
phase which exclusively shows an excellent ionic conductivity e.g.-10 
S.cm"' was reported for Bi4Cuo.2Vi.80io.7 at 300"C. On the basis of the 
combined X-ray and neutron diffraction data, a model explaining the 
conduction mechanism in the BIMEVOXes has been satisfactorily 
proposed earlier, which suggests the positional exchange of oxide ion 
vacancies in the equatorial planes of the perovskite-like slabs with 
different ratio of MA^-octahedra and MA'^  tetrahedra. 
Chapter—3: Study of phase transitions and ionic conductivity in 
Bi4CdxV2_xOi i-(3x/2>-5 
For the first time, a new member of the BIMEVOX family, namely 
BICDVOX was synthesized by the partial solid state substitution of 
Cd (II) for vanadium in the parent Bi4V20ii solid electrolyte according to 
the following reaction equation: 
2Bi203 + (l-x/2) V2O5 + X CdO ^ Bi4CdxV2-xOn-(3x/2>^ 
The relationship between the phase transition and ionic 
conductivity was investigated in the composition range 0 < x < 0.25, 
using X-ray powder diffraction, FT-IR, differential scanning calorimetry 
and AC impedance spectroscopy. Two successive phase transitions; 
a<->P<->Y exist for x < 0.05. |J-phase was stabilized to room temperature 
for compositions with 0.05< x < 0.175. This is clearly evident by the 
existence of ^<->y transition for these compositions. It has been found that 
the highly conducting y-phase could effectively be stabilized for x>0.175. 
Although, the variation in the unit cell parameters as a function of 
temperature for the compositions with y-BICDVOX shows no evident 
distinction between a low temperature ordered y'^hase, and high 
temperature-fiilly disordered y-phase the existence of y'<-^ y transition 
was confirmed by some complex incommensurate modulations which 
have been noticed in some temperature dependent measurements. 
AC impedance spectroscopy revealed the fact that the ionic 
conductivity predominantly arises from the grain contribution. In 
addition, low temperature conductivities showed maxima for x=0.20 (e.g 
~ 1.31x 10"* S. cm~' at 420*'C). Unlike other BIMEVOXes, the values of 
electrical conductivity on cooling run are remarkably lower around the 
phase transition regions compared to that on heating run. 
Chapter-4: Study of phase transitions and ionic conductivity in 
Bi+Hf, Vi-xOi i_(x/2>-« 
A new BIMEVOX series of Bi4HfxV2-xOn_<x/2)-5 in the composition 
range 0 < x < 0.40 was synthesized by the solid state reaction: 
2Bi203+ ( l - x / 2 ) V2O5+ X H f 0 2 - ^ Bi4HfxV2_xO,Hx/2M 
The correlation between the phase stability and ionic conductivity 
exhibited by the system was investigated by combining the results 
obtained form X-ray powder diffraction, FT-IR, thermal analysis and AC 
impedance spectroscopy. Two successive phase transitions; a-o-|3<-^ Y 
were well characterized for very low compositions x<0.05, while for 
relatively higher compositions 0.15 < x < 0.20, the P<-^Y transition is 
clearly evident and is also typified to two line regions of different 
activation energy on the Arrhenius plots of conductivity. However, the 
existence of Y'<->Y transition for 0.25 < x < 0.40 was evidenced by some 
incommensurations in the DSC, conductivity and variable temperature-
XRPD data. It has been found that the tetragonal Y-phase for x=0.40 
undergoes transition to a new orthorhombic p'-phase at around 600"C. 
The reversibility of Y -^>P' transition was clearly evidenced by both DTA 
and conductivity data. 
AC impedance analysis showed that the ionic conductivity in 
BIHFVOX system is principally due to the grain contribution. This can 
also be reflected in the short-range diffusion of oxide ion vacancies 
within the grains. The variation of conductivity with composition in low 
temperature region exhibited a significant maximum for x = 0.25 
(7.31xlO'^S.cm~'at340°C). 
Chapter-5: Study of phase transitions and ionic conductivity in 
Bi4Ce, V2_xOi i_(x/2)-8 
Samples of Ce'^^-substituted bismuth vanadate, formulated as 
Bi4CexV2-xOi I_(X/2H; 0 < X < 0.30 were prepared by the standard solid 
state reaction: 
2Bi203 + (l-x/2) V2O5 + xCe02 -^ Bi4CexV2-xO„_(x/2H 
The relationship between the phase structure and conductivity 
behaviour was studied by combining the results obtained from X-ray 
powder diffraction, differential thermal analysis, FT-IR and AC 
impedance spectroscopy. For compositions with x < 0.15, the system 
mimics the parent compound in exhibiting two successive phase 
transitions; a<->3 and |3<->y with a slight difference in the onset 
temperatures, whereas (3-phase was stabilized at room temperature for 
x=0.20. Even though no subtle change in the variation of refined unit cell 
parameters as a function of temperature is observed for composition 
stability limits with stabilized y-BICEVOX (x > 0.25). The Arrhenius 
plot of conductivity and DTA thermograms exhibited sufficient evidences 
for the existence of the Y'<-> y transition. 
AC impedance analysis results revealed that the grain conductivity 
is a major contribution to the total conductivity of the BICEVOX 
electrolyte and that no relationship is evident between the composition 
and the density of intimate contacts between the adjacent grains. It is 
likely that the long-term stabilization of a - and ^-polymorphs is a major 
factor for discrepancies observed in the composition dependence of low 
temperature conductivities. 
8 
Conclusions 
For the first time, the correlation between the polymorphism and 
electrical conductivity has been investigated in new members of the 
BIMEVOX family, namely BICDVOX, BIHFVOX and BICEVOX. 
Unlike most studied BIMEVOXes, these systems exhibited anomalous 
behaviours, such as the slow re-oxidation of V"*^  at higher temperatures 
with the Cd-substituted system, the collapsing of y-phase in its stability 
limit to an orthorhombic domain at a high dopant concentration with the 
BIHFVOX and the lowering in the electrical conductivity at lower 
temperatures in the BICEVOX system due to the long-term stabilization 
of a-and p-polymorphs. Despite this, the general structural and electrical 
features are almost preserved and to some extent comparable to those 
exhibited by other BIMEVOXes. However, these materials can be 
generally regarded as promising solid electrolytes for IT-SOFC 
application. 
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PREFACE 
Solid electrolytes are generally solids that have a high ionic 
conductivity with negligible electronic contribution. Particular attention 
has been paid to oxide-ion electrolytes due to their technological 
applications in many practical solid oxide devices. A lot of research work 
has been conducted to find new high performance oxide-ion electrolytes. 
Among these, the BIMEVOX family of fast oxide ion conductors, which 
has recently received much attention due to their excellent ionic 
conductivity at moderate temperatures. 
The present research work titled '"''Study of the phase transitions 
and the ionic conductivity of solid electrolytes^^ has been undertaken to 
investigate the correlation between the complex polymorphism and 
conductivity behaviour, which are exhibited by new oxide-ion 
electrolytes of the BIMEVOX family, namely BICDVOX, BIHFVOX, 
and BICEVOX, synthesized by the partial substitution of Cd^ ,^ Wt^ and 
Ce'* ,^ respectively for V in the parent compound Bi4V20i i. 
This thesis is divided into five chapters; Chapter-1 includes a 
general introduction to solid electrolytes, describing the basic concepts, 
classification and the most important applications of solid electrolytes, as 
well as the structural types of oxide-ion electrolytes. Chapter-2 explores 
xvi 
the structural aspects and ionic conductivity in the BIMEVOX-based 
solid electrolytes. The suggested models illustrating the occurrence of 
phase transitions and ionic conduction in the BIMEVOXes are also 
discussed. In the end of this chapter, a review of literature based on the 
published previous studies is included. The subsequent three chapters (3 
to 5) present the study of phase transition and ionic conductivity in Cd-, 
Hf- and Ce-substituted bismuth vanadates respectively, each with an 
introduction, experimental part, results and discussion. Finally, a detailed 
conclusion, covering all studied systems is provided in the end of this 
thesis. 
It is my opinion that these systems have shown interesting 
structural and electrical aspects that would make these materials good 
candidates for technological applications in many solid oxide devices. 
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Generaf Introifuction 
1.1. What are solid electrolytes? 
Solids can be distinguished from liquids by the crystallinity 
that possesses strong restoring forces arising from the migration of 
atomic positions in the crystal lattice. These atomic positions may be 
occupied by ions or vacancies which migrate with weak restoring 
forces and high harmonicity [1]. Such solids are called solid 
electrolytes, fast-ionic conductors or superionic conductors. The 
diffusion rate of ions in solid electrolytes is more than that in liquid 
electrolytes (D~10 cm s ). Therefore, in many cases, their ionic 
conductivity is comparable to those of the best liquid electrolytes. 
It is interesting to note that the conductivity of solid 
electrolytes is mainly due to the migration of either cations or anions, 
but generally not both, as in liquids [2,3]. Such cations or anions are 
not confined to specific lattice positions but they move freely. On 
the basis of the structure and properties, the solid electrolytes are 
considered to be intermediate between liquid electrolytes which have 
mobile ions with no regular structures and normal crystalline solids 
with regular three-dimensional structures and immobile ions [4-6]. 
The ionic conductivity in solids is correlated with imperfections or 
disordering phenomena in a crystal lattice as explored later by Joffe' 
[7], Frenkel [8] and, Schottky and Wagner[9]. In the light of this, 
unoccupied sites (vacancies) may occur in the crystal lattice and/or 
additional particles may be present interstitially between the regular 
lattice positions. Such imperfections in solids are said to be intrinsic. 
However, the extrinsic defects can also be created in a perfect 
crystal lattice by introducing foreign ions which can occupy the 
interstitial sites. 
Solid electrolytes have received much attention due to their 
high ionic conductivity. In such crystals, the charge-carrying ions 
are distributed remarkably in a disordered manner over a large 
number of interstitial sites due to the rigid crystalline sites of 
counterions. This high ionic conductivity (10"' - 10^^  S cm~') which 
is in-between that of metals and insulators [10 - 14], has been 
explained by the existence of the large fraction of vacant sites to 
which the cations or anions can migrate [15]. 
Polymorphism may occur in solid electrolytes as a function of 
temperature due to which the ionic conductivity is increased 
significantly at the phase transition e.g. Agl possesses a low 
conductivity at room temperature, but at 146"C, (3 <-> a transition 
occurs. Beyond this temperature, a-AgI is predominantly existent 
with high ionic conductivity (~1 S c m ' ) due to the presence of free 
mobile Ag^ ions [16, 17]. The excellent ionic conductivity exhibited 
by a-Li2S04 at 5lTC arises from the high mobility of Li^ ions in 
such phase. However, in some cases, particularly solid oxide 
electrolytes such as Zr02, an increase in imperfection concentration 
as a function of temperature is the main reason behind the high ionic 
conductivity. It has been found that Zr02, undergoes a structural 
change above 600°C which results in the increase of oxide ion 
vacancy concentration. 
It is interesting to note that the data obtained from the relative 
entropies of phase transitions and fusion have been the basis on 
which the solid electrolytes were regarded as intermediate between 
normal crystalline solids and liquids as presented in Fig. 1.1. The 
|3<->a transition of Agl at 146°C can be considered as quasi-melting 
of the Ag^ ions with transition enthalpy of 14.5 J moP'K '. On the 
other hand, entropy of fusion of Agl is 11.3 J mol 'K"' which is very 
small compared to the relative entropy of phase transition due to the 
disordering of only the iodide ions upon melting. However, for NaCl 
as normal ionic material, the entropy of fusion is found to be much 
larger (24 J moP'K '), because the disordering of both cations and 
anions take place. Thus, it was assumed that Agl melts in two stages. 
In |3<-»a transition, the Ag^ partial lattice passes into the quasi-
molten state (structurally disordered), while the T partial lattice 
Polymorphism 
Temperature 
Fig. 1.1: Solid electrolytes as intermediate between crystalline solids 
and ionic liquids. 
does not become liquid below the actual melting point. Similarly, 
O'Keefe and Hyde found that CaF2[18] undergoes order-disorder 
transition, passing through quasi-molten state, as a result of the 
disordering of the fluoride ions above 330"C without any change in 
the Ca^ partial lattice. 
1.2. Various types of solid electrolytes (a brief history): 
Remarkable properties of solid electrolytes were first noted by 
Faraday [19,20], who discovered the good conductivity in PbF2 and 
Ag2S. The first modern studies were carried out by Ketelaar in 
193 8 [21] via investigation of the structure, phase transitions and 
ionic conductivity of the ternary electrolyte Ag2Hgl4 which has been 
as a consequence of some extensive works on a number of silver 
salts, particularly after Tubandt and Lorenz [16] gave their report on 
the ionic conductivity of Agl in 1914. 
After Nernst's pioneering discovery of ionic conductivity in 
Zr02 [22], another important discovery was followed by Baur and 
Preis, who designed the first solid oxide fuel cell in 1937 [23], using 
yttria-stablized zirconia (YSZ) as the electrolyte. However, the high 
operating temperature of Zr02 (Y2O3) limits its application as 
electrolyte. Therefore, there was interesting demand to search for 
new solid oxide elextrolytes with higher ionic conductivity at 
intermediate temperatures. GdiOa-doped ceria (GDC) has drawn 
considerable attention as a candidate material for the electrolyte of 
intermediate temperature-SOFC (IT-SOFC). Moreover, some novel 
solid oxide electrolytes have been discovered by us, which is 
discussed in detail later as a subject of this study. 
Silver ion electrolytes such as AgsSI [24] and RbAg4l5[25,26], 
were discovered in 1960s. The use of AgsSI and RbAg4l5 in 
electrochemical cells were demonstrated as well [27,28]. In addition, 
many attempts have been made to search for new a-AgI based 
electrolytes through the partial substitution of Ag^ ions by certain 
alkalis, NH4^ and organic cations such as pyridinium ion. Most 
important a-AgI derivatives are NH4Ag4l5 and KA4I5 [29-31]. It has 
been found that new solid electrolytes can also be obtained by the 
partial substitution of iodide ion with other anions such as CI [32-
34] and/or Br" [35]. It is also possible to form Agl/Oxysalt based 
solid electrolytes e.g. AgI-Ag2Mo207[36], AgI-Ag20-Mo03[37 -
39], AgI-Ag2O-MoO3-V2O5[40] and Agl-Ag20-B203 - Mo03[41]. 
An important sodium ion electrolyte is Na0.11Al203, so-
called ^-alumina discovered by Yao and Kummer in 1967 [42]. 
The mobile Na^ ions are incorporated into the plane of the lattice and 
can therefore move only in two dimensions. Many akalis have 
replaced Na^ ion which led to originate new superionic conductors 
(M2O. X AI2 O3, where M=Li, Ag, K, Rb, NH4 etc.). Such electrolyte 
materials were successively used in sodium sulfur cell [43]. 
Moreover, many researches have also been boosted for an excellent 
ionic conductivity in newer P-alumina type compounds by 
substituting Al by Ga[44] and Fe[45]. 
After the discovery of P-alumina with a fairly rigid AI2O3 
framework and high density of well connected interstitial sites, there 
was increasing demand to search for compounds with similar 
candidate as solid electrolytes. Hong [46] reported the synthesis and 
structural characterization of Nai+xZr2P3-xSixOi2, where 0 < x < 3, 
now popularly known as NASICONs (for Na Super Ionic 
CONductors) [47]. First sodium ion conductor was Na3Zr2PSi20i2 
(x=2) which has conductivity comparable to Na-P-Al203 above 
443K. Hong reported the synthesis and structure of Li, Ag and K 
counterparts of NASICONs as well. 
Goodenough et al [47] examined the possibility of fast ion 
transport in various other skeleton structures such as stabilized cubic 
Im3 phase of KSb03 and NaSb03, defect-pyrochlore AB2X6 type 
structure and carnegieite structure of NaAlSi04. 
Since the mid 1970s, extensive research has been done to 
discover new materials for solid electrolyte. A broad variety of 
materials is known today to exhibit high ionic conductivity. Owing 
to the wide range of potential important technological applications, 
monthly and sometimes weekly, new solid electrolytes are currently 
being discovered. Rapid progress in understanding and developing 
novel materials for practical applications has been achieved during 
the last few decades. There are many other important solid 
electrolytes which show high ionic conductivity and have been the 
subject of many interesting studies, such as halide ion [9, 19, 20, 62-
64], copper ion [54-57] and proton [58, 59] based electrolytes. Table 
1.1 summarizes some important solid electrolytes along with the 
temperature range of ionic conduction. The conductivity values of 
these electrolytes as a function of the reciprocal temperature are 
illustrated in Fig. 1.2. The conductivity of concentrated sulfuric acid 
is included for the sake of comparison. 
Table 1.1: Some important solid electrolytes and their temperature 
range of Ionic conductivity 
Type of Solid 
Electrolyte 
Silver (Ag^) 
ion 
electrolytes 
Sodium (Na^) 
ion 
electrolytes 
Copper (Cu^) 
ion 
electrolytes 
Compound 
a-AgI 
P-AgI 
AgCl 
AgBr 
AgsSBr 
AgsSI 
Ag2 Hgl4 
KAg4l5 
RbAg4l5 
P-NaAiInO,7 
Na3Zr2PSi20i2 
NaF 
NaCl 
P-Cul 
(3-CuBr 
Y-CuBr 
KCU4I5 
7 Cu Br. C6H,2N4. 
CHsBr 
Temperature 
Range 
("C) 
150-140 
100-400 
100-400 
100-400 
10-300 
250-400 
50-100 
20-200 
25-200 
20-700 
20-450 
500 
300-600 
369-407 
385-469 
250-385 
260-325 
20-130 
Ref. 
[16,17] 
[16, 17] 
[48] 
[49] 
[50,51] 
[24, 27] 
[25, 26] 
[25, 26] 
[25, 26] 
[52] 
[47] 
[53] 
[53] 
[54, 55] 
[54,55] 
[54, 55] 
[57] 
[56] 
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Proton (H^) 
electrolytes 
Lithium (Li^) 
electrolytes 
Halide ion 
electrolytes 
Oxide ( 0 ' ) 
ion 
electrolytes 
C6H,2N2. 
1.73H2S04 
Lio.8Zri.8Tao,2P30i2 
(3-LiAInO,7 
PbF2 
CaF2 
PbCb 
Pbl2 
Zr02 (Y2O3) 
Th02 (Y2O3) 
Ce02 (Gd203) 
150-200 
25-200 
25-800 
200 
600-1400 
200-450 
255 
600-1600 
600-1100 
500-1500 
[59] 
[60] 
[61] 
[19,20] 
[9,62] 
[63] 
[64] 
[65] 
[66] 
[67,68] 
11 
1 X lO^H 
•/cone) 
2 , 3 i(mrr(K) 
Figl.2: Conductivity of important solid electrolytes as a function of 
the reciprocal temperature. 
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1.3. Classification of solid electrolytes 
As known, the ionic transport in solids occurs due to the 
presence of defects or disorder in the crystal lattice. The number of 
point defects per unit volume (density of defect) in a crystal depends 
on many factors such as, the structure, the temperature, the presence 
of impurities and the nature of chemical bonding between 
constituent ions. Rice and Roth [69,70] proposed useful 
classification of crystalline ionic conductors based on the density of 
defects as follows: 
1 O T 
Type I: Ionic solids with low density of defects ~ 10 cm " at room 
temperature. Such materials exhibit poor ionic conductivity e.g. 
NaCl and KCl. 
Type II'. Ionic solids with high density of defects, typically ~ 10 
cm~^ at room temperature. These generally have good ionic 
conductivity and often fast ionic conductivity at high temperature e.g. 
stabilized Zr02 and CaF2. 
It is interesting to mention that in type I and II conductors, the 
conduction mechanism is "vacancy migration". 
Type III: These ionic solids have a "molten" sublattice or "liquid -
like" structure of mobile ions whose very high density of defects ~ 
10 cm . Such solids exhibit superionic conductivity such as 
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RbAg4l5, Na-(3-alumina etc. In this case, the conduction mechanism 
is mostly "interstitial" or "interestialcy" migration or a mix of them. 
The free energy associated with the regular sites and interstitial sites, 
in these solids, are very similar and hence they are almost equally 
available for occupancy of ions. 
1.4 Applications of Solid electrolytes 
Recently solid electrolytes have found many important 
technological applications. However, four typical applications will 
be discussed in details. 
1.4.1. Sensors 
Solid electrolyte galvanic cells can be used for fast 
measurement of partial pressures of gases directly or of 
concentrations of gases dissolved in liquids or melts. Oxygen 
potentiometric sensors based on stabilized zirconia have been one of 
the most successful applications of solid electrolytes. In 1961, 
Weissbert and Ruka [71] reported the first solid electrolyte oxygen 
sensor using ZrOi solid electrolyte. 
An elementary arrangement of a typical zirconia oxygen 
sensor is presented by: 
Po2 (known), Pt /YSZ/Pt, P02 (unknown) (1.1) 
14 
Metal Electrodes 
Reference 
Gas 
Qj 
^My)-^ 
Sample 
Gas 
Cable 
connector 
Heater 
contact 
Wire leads Laser lueMed body keeps out 
contaminants 
Housing 
ZircofMum Oio>flde 
ceramic sensing 
element with 
platinum grid 
Protectiue nose tube 
with slots for exhaust 
Fig. 1.3: Typical solid electrolyte O2 sensor: (a) concentration cell-
type(b) Heated thimble-type. 
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By using such cell, a wide range of oxygen partial pressures in gases 
can be measured according to this expression: 
RT P„ (known) 
E = ^n—^ (1.2) 
AF Pg (unknown) 
This shows a relation between the EMF of the galvanic cell 
and the ratio of oxygen partial pressure at the two electrodes. 
Fig. 1.3 shows representative probe of zirconia solid 
electrolyte sensor. Zirconia is employed at temperatures between 
500 and 1000 °C. Since zirconia markedly becomes electron-
conducting in this temperature, the sensor probe can be used to 
measure very low partial pressure of oxygen ~ 10"'^ atm. Oxygen 
sensor is widely used in the field of medicine for studying the 
oxygen consumption in exhaled air and in industry in the analysis of 
exhaust gases from furnaces or combustion engines. 
A number of solid electrolytes are made available for 
construction of other types of gas sensors for the measurement of 
industrial pollutants, such as CO sensor embodying P-alumina [72] 
as electrolyte, NOx sensor with NASICON electrolyte [73], etc. 
1,4.2. Solid electrolyte batteries 
The most famous example of solid electrolyte batteries is 
sodium-sulfur cell [6,10,11]. Fig.1.4 illustrates the various 
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important parts constituting the sodium-sulfur cell. It is usually 
made in a tall cylindrical configuration. The entire cell is enclosed in 
a stainless steel casing that is usually protected from corrosion on 
the inside by chromium and molybdenum. The outside container 
serves as the positive electrode (the cathode). The container is sealed 
at the top with an airtight alumina liquid. An essential part of the 
cell is (3-alumina solid electrolyte with the molecular formula, 
NaAlnO,7. 
The operating temperature of the cell is mostly around 300"C. 
During the discharging phase, the Na donates electrons to the 
external circuit. The sodium is separated by the P-alumina solid 
electrolyte cylinder from the sulfur container which is fabricated 
from an inert metal serving as the cathode. The sulfur is absorbed in 
a carbon sponge. The P-alumina is a good Na^ ion conductor but a 
poor electronic conductor, so that the self-discharge is avoided in 
the cell. When Na gives off an electron, the Na^ ion migrates 
through p-alumina solid electrolyte to the sulfur container. The 
electron then drives an electric current through the molten sodium to 
the contact, through the electrical load and back to sulfur container. 
Another electron reacts with sulfur to form sodium polysulfide, Sn" . 
The discharge process can be represented by: 
17 
Gas Tight Seal 
(TCB - thermal 
compression bonding) 
Insulator 
(alpha-Alumina) 
Sodium 
Safety Tube 
Beta-Alumina 
Sulfur Electrode 
Sulfur Housing 
(with corrosion 
protection layer) 
Fig. 1.4: Sodium-sulfur cell. 
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2Na + 4S^Na2S4 , Eeein2V (1.3) 
As the cell discharges, the Na level drops. However, the reverse 
process will take place during the charging phase. 
Because of its high energy density - 1 5 0 Wh/kg and high 
durability ~ 10 years, the sodium - sulfur cell has been demonstrated 
for the use in electric vehicles [74, 75] and in space application [76], 
which requires large scale energy storages. 
1.4.3. Solid electrolyte Chemotronic components 
Time switches, coulometers, analog memories and capacitors 
containing solid electrolyte, which are used in electrical circuits are 
often called solid electrolyte chemotronic components. These will be 
discussed below with the help of suitable examples. 
1.4.3.1. Time switches and coulometers 
The most important solid electrolyte time switch used in 
electrical circuit contains RbAg4l5 electrolyte. The galvanic cell is 
represented by: 
Ag/RbAgJg/Au (1.4) 
RbAg4l5 is a good Ag^-ion electrolyte. When the current is 
passed through the cell, silver is deposited on the gold electrode and 
then the time switch goes in the loaded state. If the direction of 
current is reversed, the silver can be deposited back on the silver 
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electrode. By this stripping process, the cell potential is directly 
determined by ohmic losses in the solid electrolyte which are 
dependent on the current strength. After silver is completely stripped 
from the gold electrode, the cell shows an abrupt increase in 
potential which can be used as a signal. This cell can be utilized for 
time switching, ranging from seconds to months. 
If the cell is set up in the discharge phase, it can also be used 
as a coulometer [77, 78]; for measuring the amount of current 
passing in the cell during charging phase. 
1.4.3.2. Capacitors 
RbAg4l5 solid electrolyte can also be used for constructing 
capacitors having capacities of the order of 10 F/cm which are 10 
times larger than those of conventional capacitors. A typical 
RbAgJs - based capacitor is shown schematically in Fig. 1.5. 
RbAg4l5 electrolyte is sandwitched between two electrodes: one is 
silver and another is made of graphite-RbAg4l5 interface which can 
be fabricated by intimate mixing of these materials. This capacitor 
has a very low cell potential, which when applied reduces the 
tendency of the electrolyte to undergo decomposition. 
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Ag 
RbAg I electrolyte 
^ C + R b A g ^ I ^ 
Fig. 1.5: Schematic representation of solid electrolyte to capacitor. 
Ag + RbAgJ^ 
RbAg^Ij electrolyte 
0.075 
RbAg^Ij electrolyte 
Ag + RbAgJ^ 
Fig .1.6: Schematic representation of Analog memory. 
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1.4.3.3. Analog memories 
Takahashi and Yamamoto [79] designed an analog memory 
device as schematically illustrated in Fig. 1.6. It consists of two 
silver electrodes. On the inside of each silver electrode, a layer of 
RbAg4l5 solid electrolyte is in contact. Between these electrodes, a 
central electrode is sandwiched, which is made of silver selenide 
doped with small amount of silver phosphate, 
(Ag2Se)o.925(Ag3P04)o.o75- It shows a mixed ionic-electronic 
conductivity at room temperature when the current flows over one-
half of the device. The silver is removed from silver selenide 
electrode due to which an EMF is produced between the central 
electrode and the two outer electrodes. The polarization effects can 
be avoided by measuring the EMF against the silver electrode 
through which no current is flowing. The EMF changes continuously 
with the amount of charge that is passed, so that more information 
can be stored efficiently. 
1.4.4. Fuel Cells 
Fuel cells are electrochemical energy conversion devices. It 
generates electricity through chemical reactions between the fuel (HT, 
CO, etc.) and oxidant (O2) at the electrode/electrolyte interface. The 
basic ideas and materials were proposed by Nernst and his 
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colleagues [22, 80, 81]. Unlike batteries that store reactants initially, 
fuel cells do not need recharging, and continuously produce power 
as long as external fuel and oxidant are supplied. It can be 
mentioned that the fuel cell concept based on zirconia was 
demonstrated at laboratory scale by Baur and Preis [23]. They used a 
tubular crucible made of zirconia stabilized with 15 wt% yttria as the 
electrolyte. 
Fig. 1.7 shows a scheme for high temperature fuel cell. 
Stabilized zirconia is used in either tube or disc form as the solid 
electrolyte which must be about 1 mm thick, so that it can carry the 
electrodes. Since YSZ serves as a conductor of oxide ion at 
temperatures from 500 to 1000 °C, this cell is so called high 
temperature fuel cell. The thin solid electrolyte is separated by two 
porous electrodes; one is fed by pure oxygen or air (porous cathodes) 
and is usually made of Sr-doped LaMn03[82]. Another contains fuel 
gas e.g. H2 or CO and is made of Ni+ YSZ cermets [83]. The YSZ 
electrolyte allows oxygen atoms to be reduced on its porous cathode 
surface by electrons, thus being converted into oxide ions which are 
then transported to a fuel-rich porous anode zone where the oxide 
ion can react with H2 or CO, giving up electrons to an external 
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2CX>f2 O-200.+2e 
Oxidant 
Fig .1.7: High-temperature fuel cell. 
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circuit. The advantages of the high temperature fuel cell are that 
little polarization occurs at the electrodes and that high current 
densities e.g. 600 mA/cm can be acquired with a power density of 
400 mW/cm . Only five components are needed to build such cell 
together: electrolyte, anode, cathode and two interconnect wires. 
Based on the electrolyte materials used, the fuel cells can be 
classified into five categories [84]: 
(i) Phosphoric acid fuel Cell (PAFC) 
The phosphoric acid is used as electrolyte in this type of fuel 
cell. The cathode and anode is made of graphite+Pt cermets. PAFC 
can operate in temperature range from 160 to 220°C. 
(ii) Proton exchange membrane fuel cell (PEMFC) 
This fuel cell contains solid polymer membrane such as 
Nafion® which has a high capacity to carry H^ ion. The operation 
temperature for such a cell is in-between 55 and 65°C. It is widely 
used as a primary power source in automotive industries. 
(Hi) Alkaline fuel Cell (AFC) 
The electrolyte material usually used is 85% KOH. Since AFC 
is very sensitive to CO2 which reacts with KOH spontaneously, its 
application is limited to closed environments such as space and 
undersea. 
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(iv) Molten carbonate fuel cell (MCFC) 
A molten mixture of carbonate salts is used as electrolyte. 
Therefore, it operates at 650°C, where the carbonate salts can melt 
and high mobile COs" ions are sufficiently available. 
(v) Solid oxide fuel cell (SOFC) 
SOFCs use oxide ion conductors such as YSZ and Gadolina 
doped ceria (GDC) as its electrolyte material. Since the ionic 
conductivity mechanism of those electrolytes is a thermally activated 
process, these cells usually operate at a high temperature range 
(600 - 1000°C). A simplified schematic for SOFC operation is 
shown in Fig. 1.8. In general, both cathode and anode materials are 
the same as in the high-temperature fuel cell [85-88]. The half and 
overall reactions of SOFC are given by: 
Anode: 2H2 + 20^ -^ 2H2O + 4e" (1.5a) 
or 
2CO+20^" -^ 2C02+4e" (1.5.b) 
Cathode: 02+4e" -^ 20^" (1.6) 
Overall reaction: 2 H 2 + 0 2 ^ 2 H2O ,Eceii~2.46V (1.7.a) 
or 
2CO+O2 -^ 2CO2 ,Eceii~ 2.14V (1.7.b) 
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% ^ Oxidant (Air) 
Hectfode loncondudor Etecfrode 
Fig, 1.8: A simplified schematic for SOFC operation. 
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SOFCs have emerged as tantalizing alternatives to combustion 
engines, such as diesel engine, to reduce the environmental impacts 
resulting from the use of these fossil fuels. Moreover, these fuel 
cells have high efficiency with low emissions and zero noise 
pollution. During the last 10 years, it has been found that the SOFCs 
can work well in small, portable, residential and auxiliary power 
system, particularly running on natural gas, propane and biogas [89]. 
They have their greatest applicability in stationary power generation 
and may serve as auxiliary power units in transportation industries. 
Sulzer [90] developed a typical SOFC to generate an electrical 
power output for a mobile power application of 5-100 W to power a 
house or to supply air-conditioning. 
The high operation temperature of SOFC using yttria stabilized 
zirconia is required to obtain high power output due to the relatively 
low ionic conductivity of the YSZ electrolyte. However, this high 
temperature for SOFC operation presents some disadvantages for 
commercialization such as the critical selection of cell components, 
long term stability of the cell, high fabrication costs and degradation 
of the cell performance. This limits the practical application of 
SOFC [91-92]. One of the most promising methods for realizing 
intermediate temperature-solid oxide fuel cells (IT-SOFCs) is to 
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substitute YSZ [93] with other new electrolyte at reduced 
temperature (500-800''C) e.g. Gd-or and Sm-doped ceria, Sr-or/and 
Mg-doped LaGaOs, etc. 
1.5. Oxide-ion electrolytes 
The transport of oxide ions in a crystal lattice occurs by the 
hopping process between an occupied site and oxide ion vacancy. 
Therefore, production of anion deficiencies in the crystal lattice is 
generally an essential condition for oxide ion conduction. This can 
be achieved by doping the parent oxide (host) with cations having 
lower valency than that of the host cation [10, 94], The structural 
properties that are a prerequisite for high ionic conductivity in 
oxide-ion electrolytes are as follows [95]: 
(i) An optimum number of oxide ion vacancies which should be 
structurally distributed 
(ii)An oxide ion and its vacancy should have nearly the same 
potential energies for the conduction processes of low activation 
energy, 
(iii) Weak frame-work and three-dimensional structure, 
(iv) Weak (M—O) covalent bonding, 
(v) Stability of both host and guest ion with respect to the various 
coordination numbers of oxygen. 
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Fig, 1.9: Cubic fluorite-type structure of YSZ [96]. 
•I 
-2 
» -3 
• SYS2>Aip, (90-10 wtH) 
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• CHSe4-3«Yb 
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•<- »XYb 
10 12 14 1« 
Fig. 1.10: Arrhenius plots of conductivity for Zr02 based electrolytes 
[105]. 
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For example, the classic oxide-ion electrolyte, yttria stabilized 
zirconia, is based on the cubic fluorite-type phase (Fig. 1.9) [96]. 
The oxide ion vacancies are created by introducing tri-valent ions 
(such as Y^^) into the host. The Kroger-Vink notation for the dopant 
incorporation reaction is written as: 
^2^3 ^ ; s r^2Y '^+30^0 + V " (1.8) 
It can be noted that for every 2Y atoms incorporated, one 
oxide ion vacancy is created. The maximum ionic conductivity in 
stabilized zirconia is observed when the concentration of dopants 
(e.g. Y2O3, SC2O3, Ln203, etc.) is close to the minimum necessary to 
completely stabilize the cubic flourite-type phase [97-100]. It has 
been found that the highest conductivity levels in Zr(i_x)YxO(2-x/2) 
and Zr(i_x)ScxO(2-x/2) systems are observed at x=0.08-0.11 and 0.09-
0.11 respectively. However, the decrease in ionic conductivity 
beyond these so-called low stabilization limits are attributed to 
increasing defect pair association between oxide ion vacancy and 
dopant cation, resulting in the formation of complex defects of low 
mobility. Some attempts have been made to search for new stabilized 
zirconia-based electrolytes through co-doping other alkaline metal 
ions [101], but much success has not been met. Some other attempts 
to improve the zirconia solid electrolyte have been to use composites, 
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such as YSZ-AI2O3 [102-104]. For the sake of comparison, 
Arrhenius plots of conductivity for various Zr02-based electrolytes 
are shown in Fig. 1.10 [105]. 
Since YSZ based electrolytes are still used in the SOFCs under 
commercial development, the high operating temperature leads to 
several critical problems. There are other candidates available and 
this remains a strong motivation to search for new improved oxide-
ion electrolyte that can be employed in the SOFCs at intermediate-
temperature (IT, 500-800*'C) [106]. These IT-solid oxide-ion 
electrolytes should fulfill numerous requirements, including: fast 
ionic transport at operation temperatures (SOO-SOO '^C) without any 
structural phase transition and decomposition, negligible electronic 
conduction and thermodynamic stability over a wide range of 
temperature and oxygen partial pressure. Moreover, they must have 
negligible interaction with electrode materials under operation 
conditions with excellent thermal expansion compatible with that of 
electrodes. They must also have negligible volatilization of 
components and suitable mechanical properties. 
Various types of metal oxides have been investigated 
comprehensively for development of IT-SOFC electrolyte. 
Therefore, we will discuss briefly the most important families/types 
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of solid oxide-ion electrolytes with special regard to their ionic 
conductivity, 
1.5.1. Oxide-ion electrolytes based on fluorite-type Bi203 phase 
Bi203 shows two thermodynamically stable phases, namely a -
(monoclinic) phase and 5-(face centered cubic) phase. The a->d 
transition occurs at 705-740''C. The transition temperature depends 
upon the purity of samples. For highly pure Bi203, the a^^5 
transition takes place at 723-730 °C [107,108]. During the cooling 
run, a large hysteresis is observed due to the formation of an 
intermediate tetragonal (3-phase and a bcc a-polymorph. The a -
phase is fully electronic conductor [109], as it has negligible ion 
transference numbers [109, 110]. The transition from a - to the 
fluorite-type 5 phase occurs with a dramatic increase in the ionic 
conductivity; the ion transference numbers become close to unity. In 
1975, Takahashi et al. [ I l l ] reported the first attempt to stabilize the 
high-diffusivity 5-Bi203 phase down to temperatures significantly 
lower than the a->6 transition temperature by addition of the rare-
earth elements (REEs). As a consequence, numerous researches have 
been conducted to investigate the ionic conductivity behaviour in 
Ln203-Bi203 systems. Table 1.2 [112] summarizes the conductivity 
values for various important Bi203-based solid electrolytes. 
33 
Table!.2:Electrical conductivity of Bi203-based solid electrolytes [112] 
Composition 
Conductivity 
427*'C 727*'C 
(Bi2O3)0.75 (Y2O3)0.25 1.9 X 10" 0.27 
(Bi203)o.6o (^203)0.40 2.3 X lO""* 9.3 X 10"^ 
(Bi203)o.80 (Er203)o.20 0.54 
-3 (Bio.75Yo.250i.25)o.95 (PrO,.833)0.05 1.9 X 10-' 0.19 
(Bio.5Yo.5O1.5)0.70 (Zr02)o.3o 3.3 X 10' ' 6 .8x10 -3 
(Bio.70 COo.3o)o.9oYo.ioOi.5 3.1 X 10 -3 0.32 
Bio.92Nbo.o80i.« 0.64 
(Blo.95Nbo.05)o.9oHOo,150i.5 7.4 X 10 -3 0.62 
(Blo.95Nbo.05)o.85HOo. 15O J. j 4.5 X 10 -3 0.46 
(Bi203)o.75(W03)o.25 6.0 X 10 -2 
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Unfortunately, Bi203-based materials suffer from a number of 
disadvantages [105] like, thermal instability in reducing atmospheres, 
vitalization of bismuth oxide at moderate temperatures, high 
corrosion activity and low mechanical strength. 
1.5.2. Oxide-ion electrolytes based on doped ceria 
Ceria, Ce02 has a cubic fluorite-type structure similar to that 
exhibited by stabilized zirconia (Fig. 1.9). The ionic conductivity of 
ceria is nearly of the order of magnitude greater than that of 
stabilized zirconia [113]. This is due to the larger ionic radius of 
Ce^^ (0.87A, in 6-fold coordination) than Zr'*^ (0.72A), which 
produces a more open structure through which oxide ions can easily 
migrate. Moreover, ceria has a better chemical compatibility with 
high performance materials [114-116]. 
Ceria doped with REEs (such as Gd, Sm, etc.) [11, 118] shows 
highest ionic conductivity for composition (10-20%) e.g. 
Ceo.9Gdo.1O1.95 (CGOIO) has ionic conductivity of 0.01 S.cm ' at 
SOO^ C [118]. From theoretical point of view, the oxide ion vacancies 
in CGOIO are created by the partial substitution of Ce'^ ^with Gd^^, 
according to Kroger-Vink notation [119]. 
Gd.O, -j-^lGd[, + 30,^  + V- (1.9) 
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Oxide ion vacancies can also be created by interacting oxide 
ions with the gas-phase oxygen at surface: 
o;, +2C<, <^i(9, +F" +Ce;, (1.10) 
Therefore, both electronic charge carriers (ce^J and ionic 
charge carriers ( V " ) are created by reducing the oxide activity in 
the material. 
Although, rare-earth doped CeOi solid electrolytes show n-
type electronic conduction above 700°C at low oxygen partial 
pressures as well as the partial reduction of Ce"*^  to Ce^^ under the 
reducing conditions of the anode [118,120,121], the predominantly 
ionic conductivity in the temperature range 400-600°C under oxygen 
pressure of 1-10"'^ atm., makes these compounds as potential 
electrolytes for IT-SOFC applications with using hydrocarbons as 
fuel and air as oxidant. 
1.5.3. Oxide-ion electrolytes based on ABOj-perovskite. 
ABOs-type perovskite structure is shown in Fig. l . l l . The 
work on ABO3 pervoskite solid electrolytes was first reported by 
Takahashi and Iwahara [122], who investigated several tailoring 
substitutions on both A and B sites (A=Ca, Sr, La: B=A1, Ti). 
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Fig.1.11: ABO3 perovskite-type structure. 
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Fig.1.12: Arrhenius plots of conductivity for various perovskite and 
perovskite - related oxide-ion electrolytes [95], 
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Recently, oxide -ion electrolytes based on NdAlOs-type perovskite 
have been devoted for the substitution with aliovalent cations to gain 
conductivities high enough for consideration in SOFC application, 
e.g. the partial substitution of Ca for Nd and Ga for Al in 
NdAl03 structure results in formation of an anion-deficient 
compound, formulated as Ndo.9Cao.|Alo.5Gao.502-8 which shows ionic 
conductivity of 10~^  S.cm' at 700°C [123]. Arrhenius plots of 
conductivity for various important oxide-ion electrolytes based on 
perovskite and perovskite-related structures are depicted in Fig. 1.12 
[95]. 
It is interesting to note that the introduction of divalent cations, 
typically Sr and Mg into A and B sites, respectively, of 
perovskite-type Lanthanum gallate, LaOaOs, yields new family of 
oxide-ion electrolytes, abbreviated as LSGM [124-127], The highest 
bulk ionic conductivity value ~ 0.17 S.cm ' at 800°C was reported 
for Lai_xSrxGai_yMgy03_5 for x=0.20 and y=0.17, which is about four 
times higher than that of YSZ at the same temperature. Hence, 
LSGM-based electrolytes can be regarded as potential candidate for 
IT-SOFC applications. 
It has been noted that the substitution of REEs, such as Nd, Sm, 
Gd, Y, Yb, etc. at the A site, decreases the total conductivity 
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significantly [128], except for Pr-substitution, where just slight 
decrease in conductivity was observed at high temperatures [129]. 
Moreover, the substitution of Al^^ at the B site of LSGM decreases 
the electrical conductivity which may be attributed to the change in 
the crystal structure. The complete substitution of Ga by Al , In 
and Sc^^ in LSGM also decreases the ionic conductivity [130]. It has 
been found that on the complete substitution of In for Ga , p-type 
electronic conduction is produced, particularly at high oxygen partial 
pressures in the range 10^ - 0.21 atm. at TSO'^ C. This is attributed to 
the following defect reaction [129]. 
2V" +02^20^0 +4h' (1.11) 
where, Oo ,V*o', h* represent regular lattice oxide ions, oxide ion 
vacancies and electronic holes respectively. 
1.5.4. Oxide-ion electrolytes based on brownmillerite-like phase 
Brownmillerite-type compounds are closely related to 
perovskites. The general formula is A2B2O5. Instead of octahedron 
sheets in perovskites, the structure of brownmillerite consists of 
alternating distorted octahedron (BOe) sheets sandwiched between 
layers of BO4 tetrahedra (Fig. 1.13). Goodenough in 1990 [131] 
discovered the fast oxide ionic conductivity in Ba2ln203, a member 
of this family. The conductivity at 800*'C is found to be 10"^ S.cm"'. 
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BO.- tetrahedron layer 
BOg- octahedron layer 
N^  V 
Fig.1.13: Crystal structure of brownmillerite-type phase. 
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Table 1.3: Ionic conductivity for selected solid electrolytes based 
brownmillerite-type phase [135] 
Compound Temperature ("C) Conductivity (S.cm~ ) 
BajInzOs 700 5 x 1 0 
BasIni.yZriaOg.is 700 5 x 1 0 
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-3 
-2 
BaZro.5Ino.5O2.75 700 1 X 10 -2 
-3 Ba2ln,.75Ceo.25 05.,25 700 9 x 1 0 
Ba3ln2Hf08 400 1x10"^ 
Ba3Sc2Zr08 700 7x10"^ 
Ba2 Gd Ino.6 Gao.4 O5 600 5 x 1 0 -3 
Ca2Cr2 05 700 5 x 1 0 
Sr jSc .aAlOj 700 1 x 1 0 
-3 
-5 
BasInjCeOg 400 1.5x10"^ 
The ionic conductivity is much higher above an order-disorder 
transition occurring at 930"C, i.e. when brownmillerite ->perovskite 
transition takes place, the disordering of oxide ion vacancies in 
perovskite layers increases which thereby facilitate the ionic 
transport in one-dimensional pathway through tetrahedral layers. It 
has been found that the substitution of higher valent Zr**^ , Hf*^  or 
Ce"^ ^ [131-133] for In^^ in Ba2ln205 suppresses the phase transition 
and increases the ionic conductivity at 400*^0, but the substitutions 
of Ga^ ^ for In"^ ^ decreases the ionic conductivity, particularly at high 
temperatures. This may be attributed to the increase in electrostatic 
attractions between M and oxide ions as a result of replacing the 
weak In—O bond by the strong Ga—O bond [134]. The oxide ion 
conductivity values for selected brownmillerite-like compounds are 
listed in Table 1.3 [135]. 
However, the practical applications of Ba2ln205-based solid 
electrolytes in SOFCs may be limited due to the formations of 
barium carbonate in CO2 atmospheres and easy reducibility of In^ i^n 
reduced atmospheres [136-138], resulting in «-type electronic 
conduction. 
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1.5.5. Oxide-ion electrolytes based on Aurivillius-type phase. 
Aurivillius type of compounds has an intergrowth of (Bi202) 
layers and perovskite-Iike slabs (A„_iBn03„+i)^~ that contain n layers 
of octahedral B sites. The (Bi202)^^layer of a planar square array of 
oxygen atoms and Bi^^ions above and below alternate squares, each 
situated above A site position of adjoining perovskite layers [106]. 
An example of a layered Aurivillius-type structure with n=l, 
is y-tertragonal Bi2Mo06 phase [139]. Fig. 1.14 illustrates the basic 
structure of Bi2Mo06. It is built of alternating (Bi202) covalent 
layers sandwiched between (M0O4) ionic layers. It is interestmg to 
note that the perovskite (M0O4) layers contain no oxide ion 
vacancies. However, these can be created by substitution of Mo^* by 
aliovalent cations [140]. 
Bi4V20ii also shows Aurivillius-type phase with n=\. On the 
contrary, y-tetragonal Bi4V20ii has an oxygen-deficient perovskite 
layers (VO3.5D0.5)', where D represents an oxide ion vacancy. 
Abraham et al. [141] found that the ionic conductivity of Y-Bi4V20ii 
is about 0.2 S.cm"' at 600°C. They subsequently stabilized the 
tetragonal, vacancy-disordered phase to room temperature by 
substitution of other elements for V [142]. Such stabilized oxide-ion 
electrolytes were known as BIMEVOX. However, the crystal 
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\2+ (Bi202) covalent layers 
\2-(M0O4)' ionic layers 
Fig. 1.14: Ideal crystal structure of Bi2Mo06 
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structure and conduction mechanism of BIMEVOXes will be 
discussed with further details in the next chapter, as being the oxide-
ion electrolyte materials under the investigation. 
Novel solid electrolytes based on Aurivillius-type with «=3 
and n=4 were prepared by Zur Loye et al. [143]. They synthesized 
Aurivilllius phase: Bi2Sr2M'2 M" 0,,.5 (M'=Nb, Ta; M"=A1, Ga) for 
«=3 and BaBi4Ti3MOi4.5 (M=Sc, In, Ga) for n=4. It has been 
observed that the ionic conductivity for BaBi4Ti3lnOi4.5 is about 10 
S.cm~* which is comparable to that for YSZ. 
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(BIMTl'l^OX-Baseif 
soRd eCectroCytes 
2.1. Structure and Polymorphism in Bi4V20u-« and BIMEVOXes: 
BIMEVOXes are a family of oxide-ion solid electrolytes based 
on the partial substitution of V in Bi4V20ii-5 by a range of cations. 
The structure of the parent compound is derived from the idealized 
structure f y-Bi2Mo206 [1-5]. Fig. 2.1a exhibits the idealized crystal 
structure of y-Bi4V20ii_^ [6]. It is built of bismuthate, (Bi202) 
layers sandwitched between perovskite-like slabs of vanadote 
(VOa.sDo.s) ,^ where D represents an oxide ion vacancy. The Bi atom 
in (Bi202) layers has a square pyramidal coordination with four 
Bi-O bonds of approximate length 2.3 A. The non-bonding Bi 6s^ 
lone pairs are stereochemically active and point to vacant site 
between four comer-sharing vanadium oxide polyhedra. The lone 
pair orbitals, in the bismuthate layers point directly towards each 
other through the vacant site in the perovskite-like slab. Therefore, 
this site is faced by two Bi 6s lone pair orbitals arranged in a linear 
coordination as presented in Fig. 2.1b. Interestingly, this linearly 
coordinated site is the most likely route through which the oxide ion 
migration occurs [7]. It is interesting to note that the vacant sites 
(intrinsic vacancies) constitute 1/4 of the possible oxide ion 
positions in the vanadate layers. Ordering of these vacancies results 
in complex polymorphism, with three principal polymorphic forms; 
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2+ (BilO:)' layers 
2-(VOssnoi) slabs 
/ 
(b) 
5.2 A 
Fig.2.1: (a) Idealized crystal structure of Y-Bi4V20ii_s [6], (b) Vacant 
site in vanadate layer, exhibiting linear coordination of two 
Bi6s lone pair orbitals. 
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a (monoclinic), p (orthorhombic) and y (tetragonal) which have been 
identified [8]. The room temperature stable phase, a - Bi4V20ii_5' 
crystallizes with monoclinic symmetry [9-11]. Two successive phase 
transitions, a <-> p and P 4-> y at 445 and 568*'C, respectively have 
been observed on heating in the differential thermal analysis (DTA) 
with corresponding changes in the Arrhenius plot of conductivity [2], 
The crystallographic relationships of the various phases have been 
reported with respect to a mean orthorhombic cell [8, 11, 12] of 
approximate dimensions am«5.53, bm»5.61, Cm»15.28 A, viz: a -
orthorhombic, a«3an„ b«bm, c«Cn,; a-monoclinic, an,«6 am, b«bn„ 
c»Cm, P=89.756*'; P-orthorhombic, a»2an„ b» bm, c« c^; y-tetragonal, 
a« b « am/>/2 , cwCm-
Combined X-ray single crystal and neutron powder diffraction 
data [ 10] shows that the oxide ion packing of vanadate layers in a -
phase is far more complicated than that of the p-polymorph. Based 
on the projection along [001] direction in the a-polymorph, the 
perovskite-like slabs can be recognized into two zones; a zone A 
having V(l) and V(3) bipyramidals and a zone B with V(2) 
bipyramids, while in the zone A of P-phase, oxide ion backing is 
closely related to that of distorted perovskite with the oxide ion 
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vacancies ordered on one V(3) site. However, the perovskite-like 
slabs in zone B is not maintained. Accordingly, the proposed 
schematic model for P<->a phase transition is given in Fig. 2.2, 
which involves two tentative steps. 
(i) A rearrangement of the oxide ion network within the 
perovskite-like slabs with oxide ion vacancies located mainly 
in the equatorial plane, 
(ii) A reconstruction of the structure with a shift of one oxide ion in 
the V(2) site to form the typical trigonal bipyramids. 
A possible scheme for the Y<->|3 phase transition is also presented 
in Fig.2.3 [9], where the Bi and O positions of one (Bi202)^^ layer 
are considered. Since the [001] direction is the same in both P and y 
polymorphs, such a phase transition involves the (001) plane. The 
square plane of y-basis is deduced from the rectangular P-one 
(Fig.2.3 a) by gliding one half of the rectangular basis over the 
second one. The configuration of A unit (Fig.2.3 b) and B unit 
(Fig.2.3 c) which is obtained by a 90" rotation. Three A units are 
then combined with three B units, leading to deduce the square 
planar basis of the y-unit cell drawn in dotted line (Fig.2.3 d). 
During this transformation, the O atomic positions merge and the Bi 
split-sites of y-polymorph are generated. 
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•*- J* 
Perovskite-like slabs ui 
^phase 
Fiist step 
Second step 
zone A zone B zone A 
V(2) \-(l)+V(3) 
Fig.2.2: Proposed model to explain the P<->a phase transition. The 
squares indicate the oxide ion vacancies in the equatorial 
plane of perovskite-like slabs [11]. 
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a) 
b) c) 
v2+ Fig.2.3: (a) (Bi202)' layers in P-Bi4V20n^ and (b) to (d) the 
possible scheme for Y<->|3 phase transition [9]. 
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Recently, a metastable intermediate phase (e) of Bi4V20n-s [13] 
has been observed in the Arrhenius plot of conductivity on heating 
between approximately 650 and 690''C (on the middle of line region 
corresponding to y-polymorph stability). This metastable phase is 
characterized as an orthorhombic distortion of the tetragonal y-phase with 
cell dimensions a » 3.978, bw 3.983 and c « 15.47A. 
It is worth noting that Bi4V20n^ samples vary in colour from brown 
to deep red depending on the degree of vanadium reduction (5), which is 
associated with synthesis conditions and cooling rates of samples [7, 14]. 
The oxygen loss due to the vanadium reduction can easily be deduced 
from a thermogravimetric analysis (TGA) performed on traces of 
annealed samples on heating and cooling in oxygen atmosphere. The 
value of 5 is nearly close to zero in oxidizing atmosphere [11, 15]. 
However, a fiill V^->V'^ transformation can occur efficiently in strong 
reducing atmosphere due to which Bi4V20io system is obtained with pure 
V^ [16]. 
Since the fiiUy disordered tetragonal y-phase exhibits an excellent 
ionic conductivity [2], stabilization of such highly conducting phase to 
room temperature is of interest to most researchers. In BIMEVOXes, 
substitution of pentavalent vanadium by a range of aliovalent cations 
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results in solid solutions which independently show stabilized a-, ^and 
y-polymorph structures at room temperature depending only upon the 
substitution level [17]. 
Most of the work on BIMEVOXes has been focused on a 
composition in which 10% of vanadium is partially substituted by cations 
such as Cu, Ni Co, Al, Ti, Nb, Sb and Ta [3, 18-21]. It can be noted that 
the Bi4V20ii^ has an anormously versatile host structure for doping, so 
that with trivalent cation dopants, atoms spanning the entire range of sizes 
possible from B to La are able to be incorporated into the structure of the 
parent compound in significant amounts. Similarly with divalent dopants, 
atoms ranging from Co to Ba can be incorporated into the structure of the 
parent compound. It is appearant from the phase diagrams and loci of the 
solid solutions that the substitution mechanism seems to be very 
complicated [22]. However, this incommensuration is likely due to a 
small change in oxygen stoichiometry, through V oxidation/reduction. 
Divalent substituted BIMEVOXes are most widely studied which can be 
formulated as either Bi4MxV2-xOn_(3x/2H or Bi2Vi_x05.5_(3x/2H (half 
general formula), where the x value in the latter is double of that in the 
former. It has been observed that for compositions below 10% M, a-and 
|3-polymorphs are stabilized at room temperature, while the tetragonal y-
phase stabilization occurs in-between 10-13% substitution of M for 
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vanadium [6, 7]. It is interesting to point that the tetragonal phase in 
stabiHzed systems generally below 500"C undergoes a small degree of 
vacancy disordering in the perovskite-like slabs on slow cooling, which 
results in a weak incommensurate sublattice as already revealed by 
neutron powder diffraction data [23, 24], For the sake of comparison, this 
incommensurate modulated tetragonal phase is denoted by y'. Moreover, 
the Arrhenius plot of conductivity shows a change in activation energy of 
high and low temperature region, corresponding to the order-disorder, 
y'-f^ Y transition [22, 55, 26]. 
Many detailed studies have focused on crystal structure 
determinations which explain the defect effects in y-BIMEVOXes [27-
29]. Generally, the following structural features have been noted: 
(i) A significant disorder is always observed in both apical and 
equatorial oxygens surrounding to V/M position in the perovskite 
layers. 
(ii)The oxide ion vacancies are predominantly located in the 
equatorial sites of perovskite-like slabs, so that two principal types 
of MV polyhedra exist: distorted tetrahedra (Fig.2.4a) and 
distorted octahedra (Fig.2.4b). There is also evidence for the 
existence of mixed octahedral tetrahedral M ^ sites as an average 
coordination(Fig.2.4c). 
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0(4) 
( a ) 0(3) 
0(2) 
( b ) 
0(3) 
0(4) 
0(2) 
( C ) 
0(3) 
Fig.2.4: Local coordination environments for V/Co. (a) distorted 
tetrahedral, (b) distorted octahedral and (c) average 
coordination [28], 
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(iii)The high temperature tetragonal y-phase can easily be fully 
preserved by rapid quenching to room temperature, 
(iv) The general defect structure of y-BIMEVOXes is simply 
formulated as alternating layers of (81202) and 
(Vi_x Mx O5.5- (5-OX/2 Dos+is-ox/if', where / is the charge of the 
dopant cation M'^. 
2.2. Ionic conductivity and model for conduction mechanism in 
BIMEVOX systems: 
The Arrhenius plot of conductivity for Bi4V20n_5 (Fig.2.5) exhibits 
three line regions of different activation energy associated with three 
polymorphic domains; a, p and y [18]. The thermal hysteresis (difference 
in conductivity on heating and cooling) observed for the 
a <-> P and P <-» y transitions, suggests the reversibility of these phase 
transitions which is attributed to some ordering phenomena in the 
perovskite-like slabs and is also responsible for lower conductivities in 
a - and P-stability regions [30]. It is clearly noticed that the thermal 
hysteresis associated with a<^P transition reveals that the stability limit 
of the a-phase on heating run is considerably greater than that on 
cooling, suggesting slow kinetics of a-o^P transition. In contrast, fast 
kinetics is suggested for the P <-> y transition. The conductivity for 
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Fig.2,5: Arrhenius plot of conductivity for Bi4V20n_5 [13]. 
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Fig.2.6: Arrhenius plot of conductivity for Bi4GdxV2_xOii_x; 
0.05 < x < 0.20 [39]. 
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P -and Y-i>hase is in the range 10"^  - 10"^  and 0.1 -IS. cm"', respectively. 
[2]. However, the difference in the conductivities and activation energies 
corresponding to a -, P - and y - polymorphs is generally correlated with 
the degree of disorder of their specific crystal structure [10]. In y-^hase, 
at high temperatures, the oxygen atoms are flilly disordered in their 
coordination with vanadium. Thus, all oxygen atoms are involved in the 
diffusion process because of which this transition is accompanied with 
the lowest activation energy, whereas the intermediate conductivity with 
high activation energy in P-phase is due to a rather ordered structure. In 
this situation, half-disordered oxygen atoms in the perovskite layers are 
involved in the diffiision process. But in a-^hase, a limited number of 
oxygen atoms is involved, leading to a low conductivity, and medium 
activation energy. 
In BICUVOX, Bi2CUxVi_xO|i_(3x/2)-8> the highly conducting y-
phase is stabilized to room temperature in the composition range 
0.07 < X < 0.12 [3], The highest value of conductivity (1x10"^ S cm' at 
237^) was reported for x=0.10. The family of BIMEVOX has grown 
large and fast, due to the increased number of metal ion able to 
substitute for the V site as well as for the Bi site. Generally, the y-
phase stabilization is acquired by susbstitution of VatlO%or more 
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Table 2.1: Values of electrical conductivity for most important 
BIMEVOXes with respect to their stabilized phases. 
Composition 
B i 4 V 2 0 n 
B i8V20 ,7 
B i 2 C U o i V o 9 0 5 35 
Bi2Cuo 05V0 09O5.425 
Bi4CUo,i5Nbo,05Vi,80|0.775 
B i j N i o . i V c O j j , 
Bi2Coo 07V0 93O5 395 
Bl2COo,|3Vo.8705 303 
B i 4 Z n o , V , , 0 1 0 85 
Temperature 
CO 
600 
512 
440 
300 
600 
237 
300 
600 
300 
227 
627 
300 
600 
300 
600 
227 
Phase Type 
Y 
P 
a 
Rhombohedral 
Rhombohedral 
Y' 
P 
Y 
Y' 
Y' 
Y 
P 
Y 
Y' 
Y 
a 
Conductivity 
(Scm ') 
0.2 
5 X 10"^ 
1 X 10^^ 
8.7 X 1 0 ' 
9 x 10 •• 
I X 10 ' 
1.2 X 1 0 ' 
- 0 . 1 
1.71 X 10'^ 
3.05 X 10 " 
0.145 
2 X 10 ' 
0.141 
2.1 X 10"^ 
0.074 
4.0 X 10 ' 
Ref. 
[2] 
[2] 
[2] 
[31] 
[31] 
[3] 
[12] 
[32] 
[33] 
[44] 
[34] 
[25,35] 
[25,35] 
[25,35] 
[25,35] 
[19] 
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Bi2Zno 1V09O535 
Bi4Mgo.2V,gO,o7 
Bi4Cr,V2 . O n - , ( 0 . 1 < x < 0 . 5 ) 
Bi4Fe,V2 ,,0i,^^ (0.1< x< 0.5) 
Bi4Alo2V,gO|0 8 
227 
300 
600 
300 
300 
600 
300 
300 
227 
500 
Y' 
y' 
y 
Y' 
y' 
y 
a , p and y' 
a , p and y' 
a 
Y' 
1.28 X 1 0 " 
4.09 X 10'^ 
0.139 
1.1 X 10'^ 
1.52 X 10"^ 
0.078 
- 1 0 ' 
- 1 0 " 
3 X 10 ' 
6.64 X l O " 
[34] 
[26] 
[26] 
[22] 
[36] 
[36] 
[37] 
[37] 
[19] 
[38] 
Bi4Bo.2V| gOio.g 
B14Y0.2V1 gOio.g 
Bi4Lao2V,80,o.g 
Bi4Ndo2V,gO,og 
Bi4Gdo2V,gO lO.S 
Bi4Ero2V| g O|og 
Bi4Ybo.2V, gO.o.g 
B14T10.1V19O10.9 
Bi4Tio2oVi gOjog 
Bi2Tio 125^0 87505 4375 
BI4TI0.3V0 7O10 7 
BI2TI0.05CU0 05^0,905 4 
Bi4Zro2V| gOio9 
300 
300 
300 
300 
300 
300 
300 
227 
227 
227 
25 
227 
300 
227 
Y' 
P 
Y' 
P 
P 
P 
P 
a 
Y' 
Y' 
Y' 
Y' 
y' 
y' 
2 X 1 0 ' 
1 X 1 0 " 
1.4 X l O " 
1.78X 1 0 " 
2.27 X 10"^ 
1.45 X 1 0 " 
1.96 X 1 0 " 
3.0 X 10"' 
2.0 X 10-* 
6.3 X 10^' 
- 1 0 - ' 
4.1 X 10 "• 
2.6 X 1 0 ' 
7.18 X 10 ' 
[22] 
[22] 
[22] 
[39] 
[39] 
[39] 
[39] 
[19] 
[19] 
[40] 
[17] 
[40,41] 
[42,43] 
[40] 
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Bi4Zroo5Vo9505 475 300 a 0.325 [15] 
600 Y 2 . 9 3 x 1 0 ' [15] 
Bi2Zro.i9Vo giOs 405 
Bi2Geo.2Vl.gO,0 9 
BizGeoiVogOsjs 
Bi4Pbo2V,gOio9 
BuSnojV) gOio9 
Bi4Sbo3V,70n 
Bi4Nbo3V,70n 
Bi4Po2V.gO,i 
Bi4Wo.,V|90ni 
Bi4Uo2V, 80,12 
300 
227 
550 
227 
227 
327 
317 
300 
300 
300 
Polyphasic +y' 
a 
P 
Y 
Y' 
y' 
y' 
a 
P 
y' 
6x10 * 
3 X 10 ' 
2.5 X 10* 
4.4 X 10"* 
1 X 10'^ 
1 X 10'^ 
1 X 10'^ 
- 1 0 ' 
~ 8 X 1 0 ' 
~4 X 10"' 
[15] 
[19] 
[44] 
[40] 
[40] 
[21] 
[21] 
[45] 
[46] 
[47] 
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with di-, tri-, tetra-,penta- or hexavalent cations. Table 2.1 summarizes 
the electrical conductivity for various important members of BIMEVOX 
family. It is clearly noted that the a-and P - polymorphs can be stabilized 
below 10% substitution of V. The a - and ^phase stabilizations in low 
dopant concentrations do not occur with only transition metal doped 
BIMEVOX systems, but also with heavier metals, such as REE-doped 
system, BIREVOX, where RE=Y [22], Nd, Gd, Er or Yb[39]. Arrhenius 
plots of conductivity for Bi4GdxV2_xOii_x-^ ; 0.05< x < 0.20, are depicted 
in Fig.2.6. It is worthwhile to note that the a-^hase is stabilized in the 
composition range 0.05<x< 0.15 as clearly reflected in the discontinuities 
observed on the corresponding plots, while the two line regions 
associated with x=0.20 are an evidence for stabilization of the p-
polymorph. 
It is also interesting to point that for y-BIMEVOXes, the high 
temperature fully disordered y-phase structure can be preserved at room 
temperature by rapid quenching of prepared samples from about TOO^ 'C to 
room temperature on air [13, 28, 29, 48]. Arrhenius plots of conductivity 
for rapid-quenched and slow-cooled samples of Bi2Mgo.)Vo.905.35_g are 
illustrated in Fig.2.7. The conductivity of slow cooled sample is fully 
reproducible on both 1^  and 2"** heating-cooling cycles, 
while for the rapid quenched sample the conductivity at low 
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Fig.2.7: Arrhenius plot of conductivity for Bi2Mgo.1Vo.9O5.35-8, (a) 
rapid quenched and (b) slow cooled sample [48]. 
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temperature region exhibits lower values with higher afetJ^ ggigbttgJSfei'Fs 
on the 1^^ heating-cooling run, but on 2"** run, the conductivity becomes 
fully reproducible in the temperature range as a whole similar to that in 
slow cooled sample. 
In most of the BIMEVOX systems, the variation in the 
conductivity at low temperatures (< SOO^ C), as a function of dopant 
concentration generally exhibits higher values than that for the parent 
compound and usually possesses a maximum at compositions close to the 
onset of y'-phase stabilization. This is attributed to optimize the number 
of oxide ion vacancies in the equatorial plane of perovskite-like slabs that 
contribute in the diffusion process. The total vacancy concentration per 
V/M atom, N , is the sum of intrinsic vacancies (0.5+5) and the extrinsic 
vacancies created by introducing aliovalent cations. The value of N is 
given by [6]: 
N =0.5 + ^ 5 ^ ^ + 5 (2.1) 
However, the conductivity at high temperatures (> 600''C) shows 
an exponential decay with increasing composition. This is due to the fact 
that the M has no flexibility of coordination i.e. it prefers either 
octahedral or tetrahedral coordination in the oxide environment which 
results in an increased defect trapping effect [48], due to the reduction of 
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V^ at higher temperature. Therefore, an increase in V reduction results in 
an increase in defect trapping, producing lower conductivities and higher 
activation energies at high temperature region. 
The model for conduction mechanism in divalent substituted y-
BIMEVOXes has been proposed [6, 7], taking into account the positional 
exchange of oxide ions and vacancies in the equatorial plane of 
perovskite-like slabs in which these vacancies are concentrated. For the 
sake of simplicity, the model starts with a typical composition of 
BIMEVOX with which a tetrahdra to octahedra ratio is 3:1. Therefore the 
proposed model involves four neighbouring polyhedra as presented in 
Fig.2.8, which shows three tetrahedral vanadium polyhedra and one 
octahedron. In the first step, an oxide ion leaves its position on an 
equatorial apex of vanadium octahedra to occupy an equatorial vacancy, 
resulting in the intermediate state of two five coordinate vanadium 
polyhedra and two tetrahedra. In the second step, a second oxide ion from 
one of these five coordinated polyhedra is moved to occupy another 
vacancy, resulting in the starting situation of three tetrahedra and one 
octahedron. 
This model for conduction mechanism results in the effective two-
dimensional movement of the vanadium polyhedra through the 
crystal structure. There are three structural features in y-BIMEVOXes, 
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Fig.2.8: Model for the conduction mechanism in the divalent-
substituted BIMEVOXes, (a) starting (b) intermediate and (c) 
final state [6, 7]. 
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essentially responsible for the high ionic conductivity which can be 
summarized as follows: 
(i) The polarization and arrangement of the Bi6s^ lone pairs with 
respect to vacancies in vanadate layer, 
(ii) The well-known variable coordination of V in oxide environments, 
(iii) The large vacancy concentration in the vanadate layer. 
It is interesting to point that the model proposed for divalent-
substituted BIMEVOXes can also be applicable to trivalent and 
tetravalent substituted systems. 
2.3. Review of literatures 
Layered bismuth oxides formulated as (Bi202)^ ^ (An-iBnOsn+i)^ " 
were first demonstrated by Aurivillius [49]. Many compounds belonging 
to Aurivillius family, such as Bi4Mo06 [1], Bi2W06 [50], Bi4Ti30)2 
[51,52], etc. have been prepared and received much attention due to their 
important technological applications. This motivated many researchers 
for synthesis of new Bi-based solid electrolytes with Aurivillius structure. 
Bi4V20ii_s is one of these attempts, which was isolated by Bush and 
Venetsev [53], as an intermediate composition (33.33% V2O5) in the 
system Bi203-V205. 
Abraham et al. [2, 3] characterized three main polymorphs of 
Bi4V20ii_^ (a, p and y). Moreover, they reported the high ionic 
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conductivity (0.2 S.cm ' at 600°C) for Y-Bi4V20ii_5 phase. Many other 
phases have also been identified in the binary system Bi203-V205 such as 
BiV04 [54], Bi3.5V,.208.25 [55] and BigVsOp [31]. However, much 
attention has been paid for the study of Bi4V20i i^ phase which is the 
parent compound of the BIMEVOX family of solid electrolytes. It has 
been found that the Bi4V20ii_^ phase possesses solid solution limits, 
covering the range ~ 66.7 to 70.4% Bi203 [56]. It was also noted that the 
conductivity of y- Bi4V20ii^ decreases gradually with increasing Bi203 
content and the ferroelectricity reaches a maximum at the a<->P transition 
temperature. 
The crystal structure determination of a-, P- and y- Bi4V20ii_^ 
poymorphs using combined X-ray single crystal and neutron powder 
diffraction data led to satisfactory proposed models, explaining the 
occurrence of both a <-> P [10] and P <-> y [9] transitions. However, the 
conductivity behaviour and the variation in the activation energy of 
Bi4V20ii_5 as a function of temperature were logically correlated with the 
specific structural characteristics of such phases. Recently an 
intermediate metastable 8- Bi4V20ii_8 phase has been observed between 
P- and y-thermal stability regions, having been described as an 
orthorhombic distortion of the tetragonal phase [13]. The 8-phase was 
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also observed in some BIMEVOXes for very low dopant concentrations, 
such as Bi2ZrxVi_x05.5(x/2H, BIZRVOX [57]. 
The first attempt for stabilization of y- Bi4V20ii^ to room 
temperature was successfully done by the partial substitution of V by 
Cu^ ^ [3]. The highest ionic conductivity was reported for the composition 
Bi2Cuo.1Vo.9O5.35 (lxlO~^ S.cm"' at 300 K). Abraham et al. proposed the 
acronym BIMEVOX to indicate the composition at which the substitution 
in this new family occurs. When ME=Cu^^ and x==0.10, the 
aforementioned formulation is simply written as BICUVOX.IO, where 
the numerical value (.10), denotes the dopant concentration at which one 
V atom in Bi4V20i i_g structure is substituted by Cu. 
In this sense, many researches have been devoted to stabilize the y-
phase to room temperature by partial substitution of V by aliovalent or 
isovalent cations [4-45, 58-61]. In most of these investigations, the solid 
solution limits of a-, ^and y-polymorphs in the ternary system Bi203-
V2O5-MEOX vary with the valency on the dopant cations. Some studies 
revealed the ability of monovalent cations such as Li [19] and Na [62] to 
stabilize the tetragonal y-phase. It has been found that the y-phase can 
also be stabilized with higher valent cations which can be seen in W-and 
U-substituted system [46, 47]. Furthermore, the double susbtitutions in 
Bi4V20n-« have also been studied with several dual cations [63], either 
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on the V site only, or on both, the Bi and V sites. In all situations, the 
conductivity performances were not improved in comparison with those 
of single substituted system BICUVOX.IO. However, some other 
investigations have shown that the ionic conductivity is significantly 
enhanced in other doubly substituted systems. The double substitution of 
Cu-Ti [42, 43] and Cu-Nb [32] for V site of Bi4V20n^ exhibited a 
maximum conductivity compared with that obtained from BICUVOX.IO. 
The defect chemistry and crystal structure determination have been 
investigated for some important BIMEVOXes by using many advanced 
techniques like combined X-ray and neutron powder diffractions [28, 29, 
48], extended X-ray absorption fine structure (EXAFS) [64], Raman 
scattering spectroscopy [65], electron paramagnetic resonance (EPR) 
spectroscopy [14, 64-67], electron diffraction, high-resolution electron 
microscopy [68], etc. 
Abrahams and Krok [6, 7], proposed two limiting models,based on 
the defect chemistry of the BIMEVOXes, namely the Equatorial Vacancy 
(EV) and the Apical Vacancy (AV) which were used to interpret the solid 
solution formation and to predict the theoretical solid solution limits for 
all types of substitutions for V in Bi4V20n_g. They also proposed the 
satisfactory mechanism for ionic conduction in BIMEVOXes. 
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Studies on complex impedance, dielectric permittivity and modulus 
have been carried out for some important members of BIMEVOX family. 
The temperature dependent relaxation of dielectric permittivity observed 
for BICOVOX.10[69] was attributed to the diffusional polarization 
associated with the short-range jumping of oxide ion vacancies. The 
diffusion coefficient of oxide ion vacancies was estimated as well. This 
study concluded that the concentration of mobile vacancies is 
independent of temperature. Another study on BIFEVOX series [59] 
showed a power-law frequency dependence at high frequencies and 
symmetrical modulus plots as a function of dopant concentration, 
suggesting correlation effects among oxide ion vacancies in the crystal 
lattice. Many detailed investigations have been conducted by AC 
impedance spectroscopy, including BICUVOX, BINIVOX, BIZNVOX, 
BITIVOX, BIMGVOX, etc. [141, 70-73]. The models proposed for 
equivalent circuit representation were found to be rather identicat^mong 
BIMEVOXes. Moreover, it was found that the ionic conductivity in all 
BIMEVOX system mainly results from the contribution of grain interiors 
to the total conductivity. With the help of AC impedance spectroscopy, 
the time dependent degradation in the conductivity of y'-BICUVOX.lO 
and y'-BICOVOX.lO was carefully examined [74] and could be 
correlated with the gradual phase changes. AC impedance measurements 
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have been also helpful in a kinetic study of y'<->y transition in the 
BIMEVOX systems [13, 75]. 
The oxygen transfer in BIMEVOXes has also been investigated, 
Vannier et al. [76] suggested two steps which govern the oxygen transfer 
in ceramic oxide ion conductor (e.g. BIBIVOX.02, BICUVOX.IO and 
BICOVOX.IO), (i) the oxygen exchange at the surface of the material and 
(ii) The oxygen diffusion through the material. By using isotope 
exchange depth profile technique (lEDP) for O and O , they found that 
the oxygen surface exchange coefficient in these materials is of the same 
order of magnitude as in CGO and YSZ. 
On the other hand, Joubert et al. [77] confirmed that the parent 
compound, Bi4V20ii-^ undergoes V^->V'^ reduction in a hydrogen 
atmosphere, resulting in the formation of Bi4V20io.66 structure with one 
V'^ and two V^ states. The full V^^V'^ reduction to Bi4V20,o system 
was also evidenced [15, 16]. Patoux et al. [78] studied the reduction in 
some BIMEVOXes (ME=Bi, Ta) in various BIMEVOX/electrolyte/Li 
cells. They proposed a two-step mechanism, involving, (i) oxygen 
removal with the formation of Li20 of Bi4V20io.66 phase and (ii) Li-
decomposition of Bi4V20io.66 into Li-alloying Bi phase and vanadates. 
Recently, many researches have been concentrated on study of the 
electrochemical stability of BIMEVOX systems [30, 79-84] (ME=€u, Co, 
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Ni, Zn, Mg, etc.), which have shown the high sensitivity of these 
materials for irreversible electrochemical reduction. This made the 
BIMEVOX materials good candidates for long-term oxygen pumping. 
It is interesting to mention in this review, the problems 
encountering the use of BIMEVOX-based solid electrolytes in high-
temperature fuel cells, such as the high chemical reactivity at low oxygen 
pressures [85, 86] and low mechanical strength [87, 88]. However, these 
problems might be solved either by the addition of highly dispersed 
phases like AI2O3 or Zr02[82, 89] to reduce the reaction between the 
BIMEVOX electrolyte and electrode materials or by using multilayer 
cells with layers of another Bi203-based oxide ion conductor [90] to 
mechanically avoid further reduction in the BIMEVOX electrolyte. 
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Study ofpfiase transitions 
and ionic conductivity in 
(BiCdV O , , _ 
4 ^ 2-JC ll-(3x/2)-S 
3.1. Introduction: 
The traditional electrolyte material used in solid oxide fuel cell (SOFC) 
is yttria-stabilized zirconium (YSZ) [1-3]. However, the high operating 
temperature of this material limits its application. Recently, there are 
strong, ongoing researches for developing intermediate temperature (IT; 
400-800 ''C) solid oxide electrolytes [4-8], 
The oxide Bi4V20ii structurally belongs to perovskite-type of 
compounds. Its structure is built up from (Bi202)^ ^ layers separated by 
(An-iBn03n+i) perovskitc-likc slabs, where n=l,2,3, .... 8; n represents 
the thickness of the perovskite layers in terms of BOe octahedra [9]. As 
shown by F. Abraham et al. [10], bi4V20n undergoes two reversible 
phase transitions: 
Monoclinic (a)-phase *-*• orthorhombic (P)-phase, at 445°C 
' Orthorhombic (j3)-phase *-*" tetragonal (y) -phase, at 567*^ C 
Y-Bi4V20ii possesses a good ionic conductivity, due to the presence of 
vacancies (n) m the perovskite layers (VO3.5 DQ.S) sandwiched between 
bismuthate layers (Bi202) . Ionic transport occurs essentially via 
oxygen-anion hopping between these oxygen vacancies. The high-
temperature y -phase can effectively be stabilized down to room 
temperature by partial substitution of V sites by aliovalent metal ions 
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such as Cu, Co, Ti, Ni, Nb, Zr, etc. [11-16], resulting in enhanced ionic 
oxide conductivity at intermediate temperatures. Hence, a new family of 
partially substituted bismuth vanadates, Bi4MexV2-xOn_6, has been 
derived, which is usually called as BIMEVOX family, where, ME = Cu, 
Co, Ti, Ni, etc., and x is the molar substitution of metal selected for V. 
However, the degree of ionic conductivity depends on the metal selected 
as well as on the level of substitution. For instance, among these 
BIMEVOXes, a maximum conductivity was observed (~ 10"^  Scm"') for 
Bi4Cuo.2Vi.gOn^ at 300°C which becomes a good candidate as solid 
electrolyte in IT-SOFC [17]. 
This chapter presents the study of the influence of Cd-substitution for 
V on the phase transition and electrical conductivity changes of Bi4V20ii 
solid electrolyte, which can be formulated as Bi4CdxV2-xOi i_(3x/2)-s; 
0 < X < 0.25. 
3.2. Experimental: 
The system Bi4CdxV2-xOu_^ 3x/2>-« in the composition range 0< x < 0.25 
was prepared by the conventional solid state reaction: 
2Bi203 +(l-x/2) VjOs + x C d O ^ Bi4CdxV2-xO,H3X/2H (31) 
Stoichiometric amounts of the chemically pure oxides, Bi203, V2O5 and 
CdO , were well mixed together with acetone and toluene mixture (1:1) 
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into a paste using an agate mortar. The reacting pastes were then heated 
in a muffle furnace at TOO^ C for 20 hours with intermediate grinding and 
treating by acetone-toluene solvent to achieve a finer particle size. The 
resulting calcined powders were hydraulically pressed (Spectralab SL-89) 
by applying a pressure of 980 MPa. into pellets of 2,4 cm diameter and 
0.1 cm thickness, and were then sintered at SOO'^ C for 12 hours. 
The X-ray powder diffraction analysis for various compositions were 
performed at room temperature using a Philips PW 1050/30 
diffractometer, employing Ni-filtered CuKa radiation (A,=l.54060A)in 20 
range of 5-105° with steps of 0.08" having scantime of 0.9 s/step and 
using a SiOi sample holder arranged in flat 0/20 geometry. Moreover, the 
variable temperature XRPD data for selected compositions were also 
collected on a Philips X' Pert X-ray powder diffractometer in 20 range of 
5-120° with a step of 0.02° using Ni-filtered CuKa radiation (X\ 
=1.54060 and Xj =1.54443 A). The samples were held on a Pt-strip and 
reflections were monitored using an Anton-Paar high temperature camera 
(HTK-16) fi-om ambient to 700 °C with temperature intervals of 50 °C. 
Unit cell parameters were refined on a PowderX software with an 
accuracy of ±0.002 A. The cell parameters were then re-defined in terms 
of a mean orthorhombic cell; an,~5.53, bn,~5.61 and Cm~15.29 A. 
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FT-IR spectra were recorded in transmittance mode in the region 
4000-400 c m ' by a Perkin Elmer 1 spectrometer using KBr as a medium 
(10%w/w). 
Differential scanning calorimetric (DSC) measurements were 
performed on ~ 15 mg of dry samples in a current flow of nitrogen (35 
ml/min) using a Schimatzu DSC-60, employing a-alumina as a reference. 
The heating rate was maintained at S^C/min upto 650 ^C. 
Electrical measurements were performed on impedance analyzer LCR 
Hi-Tester(HIOKI 3532-50) and GENRAD 1659 RLC Digibridge in the 
temperature range of 20O-800°C with a step of 20 ''C over two runs of 
heating and cooling. AC impedance measurements were carried out in the 
frequency range of 42Hz to 5MHz. After sintering, the pellet faces were 
made conducting by placing between two identical silver electrodes. The 
heating rate was maintained at 1 **C /min with 15 min. stabilization time in 
each step. Impedance spectra were fitted using a Zview software. 
3.3. Results and discussion: 
3.3.1. X-ray powder diffraction 
Fig.3.1 shows the XRPD patterns, at room temperature, of as-prepared 
Bi4CdxV2-xO,,_(3x/2)-5 with compositions of x = 0.05, 0.15, 0.175, 0.20, 
0.25. It is found that the diffraction pattern for x = 0,05 is coincident with 
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Fig.3.1:Variation in the XRPD patterns of Bi4CdxV2_xOn-(3x/2H as a 
fiinction of composition at ambient temperature. 
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the monoclinic a-phase of the parent compound Bi4V20ii of lower 
symmetry, space group A2/m ,as a characteristic doublet is observed 
between 45.5°-46.5'', 29 which is thereafter merged into a singlet peak 
for x=0.15, ascribed to (220) sublattice associated with the existence of 
the orthorhombic p-phase , space group Aba2 [18, 19].However, the 
convergence of the doublet 31-33" , 29, indexed as (020) and (200) 
sublattice of the lower symmetry into a singlet (110) peak for x = 0.175 is 
a clear evidence for the existence of a tetragonal y-phase of higher 
symmetry(I4/mmm) at room temperature. The variations in the refined 
unit cell parameters (a, b, and c) and in the volume, as a fiinction of x is 
depicted in Fig,3.2.It is clearly evident that the traditional BiV04 
impurities, usually accompanying the preparation of BIMEVOXes are 
also existent in the BICDVOX system with almost all compositions. 
However, BiV04 and unidentified phases have been indicated in the 
XRPD patterns by asterisks. It is worthwhile to point that the values of 
the tetragonal a-parameter, denoted by at have been converted to the 
corresponding orthorhombic dimension using a^ - a, V2 in order to 
represent the data graphically. It is also clear that the substitution of Cd^^ 
for V^* in the parent compound results in an increase in the cell 
dimensions along a-axis in the composition stability region of 
both a-and p - polymorphs and eventually decreases with increasing 
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Fig,3.2: Variation in the unit cell parameters of Bi4CdxV2_xOii_(3x/2H ^ ^ 
function of composition at ambient temperature. 
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the value of x for y- phase stabilized compositions. Thus, the decrease in 
the unit cell volume observed for x >0.175 mainly influenced by a 
composition dependence of a-parameter in this region. While, the b -
parameter shows a general decrease in the studied composition range as a 
whole. Interestingly, it is noticed that the c-parameter significantly 
increases with increasing Cd concentration. This trend is in good 
agreement with the larger effective ionic radius of Cd^^ (1.09 A) 
compared with that of V'^ (0.54 A).The diffraction pattern data for 
x=0.175 could be fitted equally well to both orthorhombic and tetragonal 
models with mean cell (a ~ b ~ 3.940 A and c ~ 15.344 A )and volume (V 
~ 238.197 A^) with respect to the tetragonal phase(Table 3.1). This value 
of X can be considered as ^*^y transition composition at room 
temperature. Therefore, the tetragonal y-polymorph could be stabilized at 
room temperature by the partial substitution of V by Cd for compositions 
with X > 0.175.This is also evident by the step-increase of the c-
parameter at x=0.175. 
The temperature dependence of polymorphism in the BICDVOX 
system for selected compositions has been also investigated using 
variable temperature X-ray powder diffi-action. The XRPD patterns for 
x=0,15 collected on heating run fi-om ambient to 700 °C are exhibited in 
Fig3.3. 
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Fig.3.3: Variation in the XRPD patterns of Bi4CdxV2_xOii_(3x/2>-* f*^^ 
x=0.15 as a function of temperature. 
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Fig.3.4: Variation in unit cell parameters of Bi4CdxV2_xO|i_(3x/2)-6 for 
x=0.15 as a function of temperature. 
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It is clearly evident that the orthorhombic ^ polymorph is existent upto 
400 °C, which is indicated by an arrow, as the characteristic sublattice 
doublet peak (202) and (200) manifests itself in the diffraction patterns at 
around 32,5'', 20 till this temperature [18]. It is also clear that the y- phase 
predominantly exists at 450 °C, as evident in the convergence of the 
doublet peak into a singlet peak (110) at around 32.4", 20 . It is noticed 
that the values of 20 at diffraction maxima decrease with increasing the 
temperature. This can also be observed in the variation of the unit cell 
parameters as a fimction of temperature (Fig.3.4). It is also noticed that 
there is a general increase in all parameters which is also reflected in the 
variation of the unit cell volume. It is interesting to mention that at 400 ''C, 
the diffraction data could be judged equally well to be either 
orthorhombic or tetragonal. The mean cell with respect to the 
orthorhombic phase is a ~ 5.659, b ~ 5.661, c=15.379A with phase angle, 
P = 89.75". Thus, this temperature is considered as a border between P-
and y- thermal stability regions, as indicated by a vertical dotted line. 
However, an abrupt increase in the c-parameter beyond this temperature 
is strongly associated with a disordering phenomenon on the perovskite-
like slabs with respect to the y-polymorph [13-16]. The variation 
in XRPD patterns and in the relevant unit cell parameters as a 
function of temperature for x = 0.20 is illustrated, respectively 
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Fig.3.5: Variation in the XRPD patterns of Bi4CdxV2-xOn_(3x/2H for 
x=0.20 as a function of temperature. 
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Fig.3.6: Variation in unit cell parameters of Bi4CdxV2-xOii_(3x/2)-s for 
x=0.20 as a fiinction of temperature. 
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in Fig.3.5 and Fig.3.6. It can be noticed that all diffraction patterns are of 
a tetragonal domain. No clear discontinuity in unit cell parameters, 
refined in the tetragonal y-model is observed which can be a distinction 
between the thermal stability regions of a low temperature- ordered 
tetragonal (y') phase and high temperature- fully disordered (y) phase. 
But an order-disorder, y'<->^ y transition is expected to occur around 
450 °C, as the number of satellite intensities on the diffraction pattern 
increases suddenly when this temperature is reached. There is a shoulder-
like peak at around 29^ 20 (Fig3.3 and Fig.3.5) which is evidently 
correlated with the existence of BiV04 impurities accompanying most 
BIMEVOXes. This peak becomes more visible( more intense) in the P-
phase at lower temperatures, compared to the y- stabilized phase, 
suggesting that the p - polymorph is relatively more dissociable. 
3.3.2. FT-IR spectroscopy 
FT-IR absorption spectra of Bi4CdxV2-xOn-<3x/2)^  samples which are 
presented in Fig.3.7. The IR spectrum of the parent compound, for x = 0, 
shows bands corresponding to Vas (V-O), Vg (V-O) and 6as (O-V-O) 
modes of vibration which are assigned to vanadate anion present in the 
a-Bi4V20ii,as reported earlier by Alga et al. [20], while a band at 
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Fig,3.7: FT-IR spectra for Bi4CdxV2-xOii_^3x/2)^  versus the compositions. 
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439 cm"' is assigned to Bi-O bond vibration [21, 22] in bismuthate 
layers.besides these bands, for all BICDVOX compositions, a band is 
clearly observed in the range 682-644 cm~\ due to the vibration mode of 
Cd-O bond. Table 3.2 lists the main IR bands for different compositions. 
It is noticed that there is remarkable shift in the vibration positions of 
vanadate tetrahedra to lower frequencies, as Cd content increases. This 
can be attributed to the substitution of Cd predominantly for V, whereas a 
possibility of the substitution for Bi is somewhat less pronounced, as a 
constancy in v(Bi-O) position is observed up to x = 0.20. 
It is well known that the disappearance of the fine structures in IR 
spectra, on substitution of V by Cd reveals the presence of a 
crystallographic disordering [23]. Accordingly, the disappearance of fine 
structure in the spectra for x > 0.175 can be attributed to the phase 
transition to y-polymorph, resulting from the increased distortion of 
vanadate tetrahedra. 
3.3.3. Differential scanning calorimetry 
Fig.3.8 shows DSC thermograms of Bi4CdxV2_xOii_(3x/2>-8 system. The 
two strong endothermic peaks observed, on heating for both x = 0 and 
x=0.05, reveals the existence of the a<->P and j3*->Y transitions, as 
explored in the literatures. However, as a result of the increased Cd 
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substitution, an anomalous peak is clearly observed around 492"C, for 
X = 0.15, which is attributable to the existence of only the ^<-^y phase 
transition [24]. Moreover, a weak endothermic peak, for x = 0.175, is 
produced nearly at 476°C, attributed to the perceptible y'^ -^y transition, 
and thus the stabilization of y-BICDVOX to the room temperature could 
successively be achieved at this limit of substitution. However, the 
transition temperatures evaluated from DSC analysis are approximately 
close to those obtained from the variable temperature-XRPD data, taking 
into account, a difference in the experimental conditions at which the two 
techniques were operated. The values of the onset temperature and 
enthalpy (heat flow per unit mass) of detected phase transitions are 
illustrated in table3.3. It can be noticed that the transition temperatures of 
the successive a-<-+P<->^Y transformations observed for x=0.05 are 
relatively lower than that for the parent compound, suggesting some 
disordering in the perovskite- like slabs as a result of the incorporation of 
Cd ions. It is also noticed that for x < 0.05, the AH for a*->p transition is 
about three orders of magnitude higher than |3-<->7 transition, indicating 
that the former is thermodynamically less stable. It is also interesting to 
note that no thermal effect was detected for x=0.25 which is associated 
with a subtle disordering in the oxygen sublattice as a result of a fast 
kinetics of y'-<-*y transition [14,16]. 
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Fig.3.8: DSC themiograms for Bi4CdxV2-xOn-<3x/2)-6 versus tiie composition. 
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3.3.4. AC impedance analysis 
AC impedance spectroscopy has become a powerful tool for 
investigation of the ionic conductivity of solid electrolytes. The 
impedance plane (or Cole-Cole) plots obtained for BICDVOX system is 
like those observed for other BIMEVOXes. It has been found that the 
idealized impedance plane plots of such materials, below 400"C, consists 
of two capacitive semicircles, associated with grain and grain boundary 
oxygen ionic conductivities, as well as a low-frequency inclined spike, 
due to the ionic polarization and the electrochemical reactions, occurring 
at the electrode interface which, consequently, supports the idea that the 
conductivity is mainly due to the motion of oxygen vacancies through the 
grain boundary [25, 26]. These three contributions can be observed in the 
impedance plane plots (Figs.3.9) of the x = 0.175 composition at different 
temperatures, except at TO^C, where the two semicircles get overlapped, 
producing a single broadened semicircle with low-frequency spike, as the 
grain boundary contribution of the sample could not sufficiently be 
resolved by IS measurements at such low temperatures. However, the 
experimental plots, exclusive of the electrode process effects, can well be 
represented by two parallel R-C equivalent circuits in series, as reported 
earlier [27], It is known that the complex impedance, Z*(CO) is defined as 
the sum of its real, Z' and imaginary ,Z" part: 
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Fig.3,9: Impedance spectra of Bi4CdxV2-xOii-<3x/2)-5 for x = 0.175 at four 
selected temperatures. 
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r(co)^Z'+jr ;j = yf^ (3.2) 
For our modeled equivalent circuit, Z" and Z' are given as follows: 
1 . ^ , 2 / - . 2 n 2 1 , ^,2 y-.2 r>2 (J-V 
where the resistance of grain,Rg and grain boundary, Rgb can directly be 
obtained from the intercept of the Z-axis [28]. The angular frequency of 
grain,C0g and grain boundary, cOg^  are obtained at the maxima of the 
semicircles. As Z"= Z' at the maximum point in the semicircle, the 
capacitances Cg and Cgb can therefore be calculated according to 
equations (3.5) and (3.6) respectively: 
C = (3.5) 
g R 0) ^ ^ 
g g 
C . = i (3.6) 
gb R ,0) , ^ ' 
gb gb 
The relaxation times Tg and Tgb, due to these effects, are obtained from 
the angular frequencies at the maxima using equations (3.7) and (3.8) 
^^ ^ ' ^ ^ ^^^^ (3-7) 
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^.z, = - — = ^.* ^.* (3.8) 
Table 3.4 lists the deduced values of equivalent circuit parameters for 
Bi4CdxV2_xOii_(3x/2)-a at different temperatures for x = 0.175. It is 
interesting to note that the values of Rg are appreciably higher than that of 
Rgb at same corresponding temperatures and that the reduction in Rg, with 
increasing the temperature, is faster than that in Rgb. This therefore 
reflects the fact that the contribution of the grains to the ionic 
conductivity is more pronounced and is thermally activated. Accordingly, 
at lower frequencies of the applied field, the oxygen vacancies/ions easily 
move to the grain boundaries through which the ionic conduction process 
occurs. However, greater capacitances Cg and Cgb are found to be 
3.48x10"^^ F and 5.72 x 10"^  F at 130°C respectively, indicating a 
relatively increased polarization of the solid solution at this temperature. 
This consequently suggests a relatively increased charge accumulation at 
the electrode-electrolyte interface [29]. There is also remarkable 
relaxation dispersion of ionic conductivity as a function of temperature, 
as the frequency at peak maximum increases with increasing the 
temperature. This is also mirrored in the variation of relaxation times as a 
function of temperature. 
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3,3.5. Temperature dependence of conductivity 
Arrhenius plots of the conductivity, on heating run, for Bi4CdxV2_xOi i-
(3X/2M with 0 < X < 0.25 are presented in Fig.3.10. The conductivity data 
are in satisfactory agreement with the results previously revealed by both 
XRPD and DSC. For compositions with x<0.05, three line regions are 
distinguished by two clear discontinuities which are directly correlated 
with the existence of two principal phase transition changes viz, a*->p 
and |3-«-^ y. The compound with composition x = 0.15 exhibits only two 
line regions corresponding to theP<-*y transition. For x > 0.175, the 
Arrhenius plots show two line regions but with no clear discontinuity that 
can recognize a higher and lower temperature regions. There is merely a 
point at which the slope (activation energy) was found to slightly vary. 
The temperature at this point can be regarded as the transition 
temperature that corresponds to an order - disorder, y'-^ -^ y transition. 
However, the phase transition temperatures deduced from the 
conductivity measurements were found to be slightly different from that 
indicated by DSC. This difference can be attributed to the different 
timescales of the two techniques [20, 30], as the heating rates of the 
conductivity and DSC measurements were maintained at l"C/min and 
5°C/min respectively, 
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Fig.3.10: Arrhenius plots of conductivity on heating for Bi4CdxV2-xOn-(3x/2>-«; 
0<x<0.25. 
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BICDVOX like other BIMEVOXes, exhibits thermal hysteresis 
associated with phase transitions which is observed on heating - cooling 
cycled Arrhenius plot. This thermal hysteresis decreases on increasing the 
substitution levels of Cd, which eventually becomes very negligible for 
compositions with only y'^ -^y transition. Fig.3.11 shows combined 
Arrhenius plot and DSC thermogram for x=0.15. It is interesting to note 
that the thermal hysteresis associated with P<-^ transition covers almost 
all thermal effects observed in the endothermic peak. It is noticed from 
the conductivity data that transition temperature of p-<->y transition on 
heating is different from that on cooling run, suggesting that the thermal 
stability regions of both polymorphs are also different due to which the 
kinetics of such a transition is expected to be relatively low[31]. Unlike 
most BIMEVOXes, the conductivity on cooling run, particularly at a 
thermal hysteresis region has lower values than on heating. This 
anomalous conductivity behaviour exhibited by the BICDVOX system 
can be associated with a slow re-oxidation of V*^  to V^^  at higher 
temperatures, which thereby increases the trapping of oxide ion 
vacancies/ions contributing positively to the conductivity of an ionic 
material [32, 33]. This phenomenon can also be observed around thermal 
hysteresis associated with an order-disorder transition for x= 0.20 
(Fig,3.12). Moreover, it can be noticed that the high and low temperature 
125 
E(yH).23eV 
ltatingc3€le 
•s—Cbdii^ c^cle 
-r 
LO u L4 L6 1.8 
100(ni(K') 
20 22 
Fig.3.11: Combined Arrhenius plot of conductivity and DSC thermogram 
of Bi4CdxV2-xOn-(3x/2>-5 for =0.15. 
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Fig.3.12: Combined Arrhenius plot of conductivity and DSC thermogram 
of Bi4Cd,V2-xOiH3x/2H for =0-20. 
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regions in the figure are separated by a point at which the activation 
energy changes (440 °C). Although, this point is not very close to the 
onset temperature of the small endothermic peak observed in DSC 
thermogram, it corresponds to the temperature at which a sudden increase 
in number of satellite intensities has been noticed during the refinement 
of diffraction patterns of some compositions as already pointed out in 
section.3.3.1. 
Fig.3.13 shows the variation in the conductivity as a fimction of 
composition at 420 and 620 °C. It can be noticed that the ionic 
conductivity at low temperature, 0420 significantly increases with 
increasing the Cd-substitution, reaching a maximum value (1.30x10"^ 
Scm~*) for X = 0.20, This can simply be explained due to the increase in 
the concentration of vacancies located on equatorial planes of the 
perovskite layers (VO3.5D0.5/", which are available for oxide ion 
migration between Cd-tetrahedra and Cd-octahedra [34, 13]. However, 
the decrease in low temperature conductivity with increasing oxygen 
vacancy concentration observed for x = 0,25 can be attributed to the 
formation of defect pairs (e,g. C(f^ and VQ \ i.e., the effect of higher 
concentrations of vacancies is offset by locally ordered states[ll, 35], 
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Fig.3.13: Variation in the conductivity of Bi4CdxV2-xOiI_(3X/2H as 
a fiinction of composition, at A2(fC and 620"C. 
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The values of activation energy were calculated by a linear regression 
fitting to Arrhenius equation: 
- E 
(TT =D exp( - ^ ) (3.9) 
The temperattire ranges (200-440 °C) and (540-740 "C) were selected to 
evaluate the values of slope, corresponding to low and high temperature 
activation energies, Ea(i) and Ea(2), respectively. Table 3.5 summarizes the 
values of conductivities and activation energies for various compositions. 
It is clearly evident that the variation of the low temperature conductivity 
with composition corresponds to a general decrease in the low 
temperature activation energy, Ea(i). However, the further decrease in Ea(i) 
with the lowering in the conductivity for x=0.25 is due to some oxygen 
incommensurate vacancy-ordering phenomena in oxygen sublattice of 
fully disordered y- phase [14, 34]. As usually exhibited by other 
BIMEVOXes [36-38], the high temperature conductivity, denoted by o^io 
shows a sharp decay for x = 0.05 and thereafter increases slightly with 
increasing the value of x. This is also generally reflected by a subtle 
decrease in Ea(2) for x > 0.15. 
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3.4. Conclusions 
In the system Bi4CdxV2_xOii_(3x/2H, the substitution of V^ ^ by Cd^ ^ 
exhibited different phase transitions upon varying composition. For 
composition with x < 0.05, two successive transitions; a<-*P*-*Y are 
evident, while the P<-^ transition exists in the composition range 
0.05 < X < 0.175. However, some temperature dependent measurements 
have confirmed the exixtence of the y'-<->y transition, which is associated 
with the stabilization of the tetragonal symmetry for x > 0.175. It has 
been found that the grain boundary conductivity is the major contribution 
to the total conductivity of the BICDVOX system. The maximum ionic 
conductivity at lower temperatures is observed for x = 0.20. It is 
interesting to point that the slow V"*^ -* V^ ^ re-oxidation results in 
increased defect trapping effects in the system at higher temperatures. 
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Cfuipter - 4 
SttuCy of phase transitions 
and ionic conductivity in 
4 - ' x 2-JC ll-(x/2)-S 
4,1. Introduction 
Since their discovery in 1988 by Abraham et al. [1], the 
BIMEVOXes have received much attention, owing to their very high 
levels of oxide ion conductivity e.g. 2 xlO~^S.cm~'for Bi4Cuo.2Vi gOio.g at 
300"C [2]. The parent compound Bi4V20ii structurally belongs to a 
layered Aurivillius-type of compounds with intrinsic vacancies in the 
(VOs.sDo.s)^ " layers (where D represents an oxide ion vacancy) 
sandwiched between bismuthate (Bi2 O2) ^ ^ layers. 
These vacancies constitute 1/4 of the possible oxide positions in 
the vanadate layers. Owing to the ordering of these vacancies in the 
vanadate layers, polymorphism arises with three principal polymorphs 
( a, P and y) stable over various temperature ranges [3]. The phase 
transition temperatures associated with these phases vary with both Bi: 
V ratio and dopant type or/and dopant concentration [ 4, 5], However, 
extrinsic vacancies can be introduced through solid solution formation 
with substitution of V by a large range of iso- or aliovalent cations. 
Most of the work on BIMEVOXes has been focussed on a 
composition in which 10% of the V is partially substituted by ions such 
as Cu^^ Ni^ "^ , Zn^ ,^ Co^^, Ti^^, Nb^^, Ta^^ Zr ^^  [ 6-10]. The oxide ion 
vacancies order in a and P phases of Bi4V20n at low temperatures, 
consequently the conductivity decreases markedly, while they become 
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most disordered with y- phase which possesses excellent ionic 
conductivities at relatively higher temperatures. It has been found that the 
partial substitution of V by such iso- or aliovalent cations suppresses 
Y->p and y ->a transitions, stabilizing the higher temperature y-phase of 
the parent Bi4V20n down to room temperature. This is attributed to the 
vacancy disordering phenomenon occurring in the vanadate layer [11]. It 
is worthwhile to note that the stabilized tetragonal phase, denoted by y' is 
a rather ordered phase and is differentiated from the higher temperature-
fiilly disordered tetragonal phase by the appearance of weak diffraction 
peaks resulting from ordering of the oxygen sublattice ,which can only be 
seen using neutron powder diffraction. However, the y'<-»y transition can 
be rationalized on Arrhenius plot of conductivity by the change in 
activation energy between low and high temperature regions. 
This chapter is devoted to investigate the thermal behaviour and 
correlation between the phase stability and ionic conductivity in Hf-
substituted bismuth vanadate system, formulated as Bi4HfxV2_xOii_(x/2H 
over substitution limit of 0 < x < 0.40. 
4.2. Experimental 
Samples of BiJifxVi-xOiHx/z^s for 0 < x < 0.40 were prepared by 
the conventional solid state reaction: 
2Bi203 + ( l - x / 2 ) V 2 0 5 + x H f D 2 ^ Bi4HfxV2-xO,H3X/2V^ (3.1) 
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Accurately weighed amounts of chemically pure oxides ( Bi203, V2O5 
and Hf02) were thoroughly mixed in an agate mortar with acetone and 
toluene solvent(l:l) into a paste. The resulting pastes were then heated at 
700 ''C for 20 hours with intermediate cooling, grinding and treating with 
acetone- toluene solvent. The finely grounded powders were 
hydraulically pelletized by applying isostatic pressure of 980 MPa., using 
Spectralab SL- 89. The pellets with 2.4 cm diameter and 0.1 cm 
thickness were sintered at 800 "C for 12 hours and gradually cooled in air 
to room temperature. 
FT-IR spectra were recorded in the transmittance mode for sample 
powders diluted with analytically graded KBr to exactly 10 %w/w in 
wavenumber region of 4000-400 cm"' using a Peridn Elmer 1 
spectrophotometer. 
Differential scanning calorimetric (DSC) measurements were carried 
out on Schimatzu DSC- 60. Approximately weighed 15 mg dry powder 
of sample was placed in an alumina cell. The analysis was performed in 
N2 environment, flowed with rate of 35 ml/min. The heating rate was 
maintained at 10 "C/min. fi-om ambient to 650 "C. Differential thermal 
analysis (DTA) measurements were performed using a Perkin Elmer 
DTA under the same conditions as in DSC. For cooling run, the thermal 
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effects have been detected when the system was slowly cooled to room 
temperature. 
X-ray powder diffraction analysis for various compositions calcined 
at 700 °C was performed at room temperature on Rigaku/Max-B 
Diffractometer using Ni-monomchromated CuKa radiation ( X= 1.54060 
A ) in 29 range of 5- 90° with steps of 0.05** and scantime of 0.6 s/step 
and using Si02 sample holder. 
Variable temperature X-ray powder diffraction data for selected 
compositions were collected at 50 "C temperature intervals from ambient 
to 700 "C in 20 range of 5 - 120° in steps of 0.02° and scantime of 2 
s/step, on a PhilipsX' Pert X- ray diffractometer using Ni-
monochromated CuKa radiation ( Xf= 1.54060 A and X,2= 1.54443 A )with 
Anton- Paar HTK high temperature camera. Data were collected with the 
help of Pt- sample holder arranged in flate plate 9/20 geometry. The unit 
cell parameters were refined by PowderX software with an accuracy of ± 
0.002 A. The unit cell parameters were then re-defined in the mean 
orthoriiombic cell. 
Electrical measurements were performed using AC impedance 
analyzer LCR HI- Tester ( fflOKI 3532- 50 ) and GENRAD 1659 RLC 
Digibridge by two- probe method in the frequency range of 42 - 5 x 10~^  
Hz, The sintered pellets were placed between both feces of silver 
141 
electrodes. The experiments were carried out in a step of 20 "C from 
ambient to 800 **€ with 15 min. stabilization time per step. The heating 
rate was maintained at 1 "C/min. for both heating and cooling runs. 
Impedance spectra were subjected to non-linear least squares fitting 
using a Zview software. 
4.3. Results and discussion 
4.3.1. FT-IR spectroscopy 
Fig.4.1 presents FT- IR spectra of Bi4HfxV2-xO II_(X/2HS^"^P^®S-
For X = 0.05, the IR spectrum seems to resemble the parent compound 
Bi4V20ii which shows asymmetric Vas( (V-O), symmetric Vs (V-O) 
stretching and asymmetric deformation [6as (O-V-O)] modes of 
vibrations assigned to vanadate anion in a-Bi4V20n as reported so far 
[12]. An additional band is observed at nearly 444 cm"' properly 
assigned to stretching mode of Bi-O bond vibrations [13, 14] in 
bismuthate layers. 
Table 4.1 lists the important IR bands for BIHFVOX for various 
compositions. It is interesting to note that the increase in Hf content 
led to a shift in the vibration positions of vanadate tetrahedra to 
lower frequencies, while the vibration position of Bi-O bond remains 
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Fig.4.l: FT-IR spectra for Bi4HfxV2-xOi]_(x/2^ 8 versus compositions. 
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adequately similar upto x = 0.30. This, however, enhances the 
predominant substitution of Hf for V. 
At X > 0.25, IR spectra show a broadening of the sharp bands and 
disappearance of the fine structures particularly within the vanadate anion 
region of spectrum. This is consequently consistent with the expected 
crystallographic changes in local structures and environment of the 
perovskite layers in the tetragonal phase [15,16]. 
4,3.2. X-rt^ powder diffraction 
The composition dependence of polymorphism in Bi4HfxV2-xOii_(x/2)-5 
system at ambient temperature can be shown in XRPD patterns (Fig.4.2). 
For the sake of visibility of the important sublattice peak convergence 
which is indicative for the variation of phase structure as a function of 
composition, the diffraction data in 20 range 10 - 55 ° have been graphed. 
It is clearly evident that the diffiaction pattern for x=0.05 compares well 
witii that for parent a-Bi4V20ii in the presence of the characteristic 
doublet, (026) and (606) observed in 20 range ca. 45.5- 46.5" [17]. The 
asterisks indicate the presence of BiV04 impurities and unidentified 
phases. However, the orthorhombic ^-phase of higher symmetry, space 
group Aba 2 is observed in the composition range 0.05 < x < 0.20. This 
can also be evidenced by the convergence of aforementioned doublet into 
singlet, indexed as (220) [18, 19]. Fig.4.3 exhibits the variation in the unit 
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x = 0.40 
• • • • • " • • • " • " I ' l " 
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Fig.4.2: Variation in the XRPD patterns of Bi4HfxV2-xOn_(x/2H as a 
fiinction of composition at ambient temperature. 
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Fig.4.3: Variation in the unit cell parameters of Bi4HfxV2-xOii-^ xj^ )^  as a 
function of composition at ambient temperature. 
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cell parameters (a, b and c) and the volume as a function of composition. 
Three line regions can be visualized, associated with a<-»P and p*->y 
phase transitions. The dififraction pattern for x = 0.25 can be equally 
judged to be either tetragonal or orthorhombic phase with a mean cell ( a 
~ b ~ 3.962 A and c^l5.324 A) and volume ( V~ 240.55 A^) with respect 
to the tetragonal phase, space group 14/mmm. Thus, the system with x = 
0.25 composition can be considered to be a border between p-and y-
phase stability regions. The results of X-ray powder refinement for 
various compositions at ambient temperature are summarized in Table 4.2. 
It can be noticed that the unit cell parameters (a and c) increase with 
increasing dopant concentration over the whole composition range of 
substitution which can also be obviously reflected in variation of the cell 
volume. The increase in unit cell parameters, particularly c, can be 
correlated to the substitution of smaller V^* (0.54 A) by larger Hf *'^ 
(0.85A) in 6-fold coordination geometry [20]. However, the stabilization 
of the tetragonal y-phase is clearly evident by the sharp increase in c-
parameters beyond x = 0.25. Such features observed for BIHFVOX are 
generally typical for the BIMEVOXes which have been reported earlier 
[9 ,10,21-24] . 
The existence of p<->y transition for the composition 0.05 < x < 0,20 
has been evidenced by variable temperature X- ray powder diffraction 
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analysis. Fig.4.4 shows the XRPD patterns for x = 0,20 on heating run 
from ambient to 700 "C. It can be observed that the diffraction patterns 
collected upto 350 "C still exhibit the sublattice doublet (202) and (200) 
around 32.48°, 20 confined to the existence of orthorhombic p - phase. 
However, splitting of this diffraction peak is found to decrease gradually 
with increasing temperature which is ultimately converged at 450 "C to 
singlet (110), characteristic to tetragonal y- phase. This is also reflected 
in the variation of refined unit cell parameters defined in the mean 
orthorhombic cell (Fig.4.5).For the sake of tiie appropriate representation 
of graphs, the tetragonal a-parameter (at) has been converted to the 
corresponding orthorfiombic ar- dimension (ao) using ao=at V2. 
It is noticed that the diffraction data obtained at 400 °C could be 
judged equally well to be either orthorhombic or tetragonal phase with 
mean cell (a~ b^ 3.988 A and c^ 15.428 A ) and volume ( 245.37 A^  ) 
with respect to y- phase. This temperature which recognizes two line 
regions in Fig.4.5 can therefore be regarded as P<->y transition 
temperature for x= 0.20. Similar results have been reported earlier for 
trivalent [23] and tetravalent [10] metal- doped BIMEVOXes. It is also 
noticed that the cell volume exhibits significant change in y- stability 
region which is clearly evident from the similar variation in a and c 
parameters. Study of y'<->y transition has been further completed with 
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Fig.4.4: Variation in the XRPD patterns of Bi4HfxV2_xOn-^ x/2^ 5 for x=0.20 as 
a function of temperature. 
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Fig.4.5: Variation in unit cell parameters of Bi4HfxV2-xOH_(x/2>-8 for 
x=0.20 as a function of temperature. 
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variable temperature X - ray powder diffraction. Fig.4.6 shows the XRPD 
patterns for x= 0,40 against temperature. It can be seen that all diffraction 
patterns exhibit the tetragonal phase in temperature range 25 - 600 "C, as 
evident by the existence of sublattice singlet (110) peak around 29, 32.54". 
As expected, no significant structural variations associated with y'^ -^ y 
transition could be seen in this temperature range, even in the temperature 
dependence of refined unit cell parameters shown in Fig.4.7. It has been 
found that just few satellite intensities related to tetragonal sublattice 
peaks vanish in the diffraction pattern at 350 "C, similar to what has been 
noted by O.Joubert [14] and the appearance of a shoulder on the feet of 
sublattice peak at 34.86", 20 for temperature above 350"C. It is 
worthwhile to point that the stabilized tetragonal, denoted by y' is a rather 
order phase and is differentiated from the high temperature -fully 
disordered y- phase by ordering of oxygen sublattices in the perovskite-
like slabs. Thus, It can be generalized that the y'-«-»y transition involves a 
change in oxygen stoichiometry. This change associated with increased 
ordering in the oxygen sublattice is invisible in X- ray diffraction but can 
only be detected well using neutron diffraction which exclusively shows 
weak sublattice peaks arising from the stronger relative diffraction of 
oxygen sublattice due to highly accelerated massive neutrons [25, 26], 
However, an arbitrary border of y'*-*^ transition has been rationalized, 
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based on the change in the activation energy and the weak thermal effect 
observed in Arrhenius plot and DSC thermogram, respectively, as will be 
discussed later in next sections. 
By accident, it was noticed that the tetragonal y- phase structure 
surprisingly starts to distort/collapse to orthorhombic p'- phase at 600 "C 
which is clearly evident by splitting of (110) sublattice peak into doublet 
which could be indexed in orthorhombic cell as (202) and (200), Fig.4.8 
shows the XRPD pattern for x= 0,40 at 650 °C, The weak peak observed 
around 27,41°, 20 is entirely accounted for the existence of pure 81263 
which completely disappears in low temperature diffraction patterns. This 
actually reflects the temperature dependence of solid solution formation. 
It is clear that the high temperature orthorhombic phase, denoted by P' 
symmetrically resembles the P- domain, appearing either for the parent 
compound or for BIMEVOX systems with low value of x ,except for the 
coexistence of traces of Bi203 phase with P'- phase, 
4.3.3. Thermal analysis 
It is interesting to note that the composition dependence of phase 
transitions observed in X-ray powder diffraction investigation for 
Bi4HfxV2_xOii-(x/2)-8 system is found to be in good agreement with the 
DSC thermograms (Fig,4,9), In order to investigate the influence of lower 
dopant concentrations on different polymorphic forms in the BIHFVOX 
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system, the studied compositions have been selected upto x=0.40, which 
are generally below a theoretical solid solution limit(x=0,45). For x = 
0.05, two typical endothermic peaks are clearly observed around 436 and 
561°C on heating, associated with a<-^ p and ^<->y transitions respectively. 
It can also be noticed that the heat flow for a<-+P transition per unit mass 
is about three times higher than that for p<-*Y- Such observations have 
been noted earlier for BIZRVOX [27, 28] and BIWVOX [29] of similar 
composition. The endothermic peaks observed for the system at 
composition range 0.15 < x < 0.20 can be attributed to the existence of 
only the ^<-*y transition, while the weak endothermic effects detected for 
0.25<x^.40 are clearly evident for the existence of perceptible y'<-*y 
phase transition. However, these phase transitions have also been 
confirmed by variable temperature X-ray powder diffraction data . For 
example, for x = 0.20, p - phase was stabilized at room temperature and 
remains stable upto 400°C which thereafter collapses to tetragonal. 
Whereas, for x = 0.40, only the y-phase was found over whole 
temperature range (25 - 600''C) with vanishing some satellite intensities 
for y- phase substructures on dif&action pattern collected at 350*'C. In 
addition, the lowering of y'<->y transition temperature for x=0.40 as 
shown in Table 4.3 reflects the thermal instability of the tetragonal phase. 
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Fig.4.9: DSC thermograms for Bi4HfxV2_xOii_(x/2H versus the composition. 
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This can also be regarded as a further evidence for occurrence of Y<-+p' 
transition. Since, the limited temperature scale available for DSC 
measurements could not enable us to detect any thermal effect associated 
with y—*P' transition, DTA measurements were carried out on a freshly 
prepared sample with composition x=0.40(Fig.4.10). An exothermic peak 
is clearly observed in the first cooling run of the thermogram (AH= -6.34 
Jg~' at 617 '^C), corresponding to the reversible y*^^' transition. Like 
P«->Y transition, the destructive y^P ' transition exhibited for x=0.40 is 
also thermodynamically first order transition. However, the difference in 
forward and backward transition temperatures is generally attributed to 
the different rates of heating and cooling runs. 
4.3.4. AC impedance Analysis 
The impedance plane plots of Bi4HfxV2_xOii_ (x/2)-5 for x = 0.25 
measured at four selected temperatures are presented in Fig.4.11. Like 
other BIMEVOXes, the plots for BIHFVOX below 400*'C show two 
depressed semicircles, well positioned at higher and lower frequency 
regions, which are adequately attributed to grain and grain boundary 
oxygen ionic conductivities respectively. In addition, a curved inclined 
spike can also be observed in far low-frequency region, associated with 
the impedance of the interface between the silver electrodes and oxide ion 
electrolyte [30,31]. 
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Fig.4.11: Impedance spectra of Bi4HfxV2-xOH-(x/2H for x = 0.25 at four 
selected temperatures. 
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It can be noticed that the higher frequency end of grain contribution 
semicircle is incoincident with the origin and gives an intercept with Z'-
axis, indicating the co-existence of a series resistance associated with the 
ferroelectric behaviour of electrolytes [3 2] .The magnitude of this 
resistance is found to decrease with increasing temperature and almost 
becomes negligible for temperatures higher than 220 °C. 
However, the equivalent circuit representation is typically 
composed of resistors (R) inductances (L), capacitances (C) and constant 
phase elements (CPE). The impedance of a CPE can be given as follows: 
Z(Q))= i ;j = V ^ (4.2) 
BUcoT 
where, CD is the angular frequency of the applied electric field. The 
coefficient B and exponent n (- 1 < n < 1) are the two specific parameters 
of a CPE. If n = 0.5, the CPE represents the Warburg element employed 
in modelling a semi-infinite diffusion [33]. For the sake of clarity, the 
electrode process effects can be excluded and the experimental 
impedance plane plots are well modelled by two parallel R-C equivalent 
circuits connected in series as porposed earlier by Pirovano et al. 
[34].The total resistance, Rt is the sum of the resistance of grain, Rg and 
grain boundary, Rgbi 
Rt =Rg + Rgb (4.3) 
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Rg and Rgb can exactly be obtained from the intercept on the Z' - axis. 
The angular frequency of grain, cOg and grain boundary, cogb are calculated 
from the frequency of the applied field at which the imaginary part of 
impedance Z" reaches a maximum according to equations (4.4) and (4.5) 
respectively: 
«g = 2M^^ (4.4) 
Ogb =2;rf"„^,, (4.5) 
where, fmax,g and fmax,gb are the frequencies in Hz at maxima of grain and 
grain boundary semicircles respectively. 
The capacitances, Cg and Cgb and relaxation times, Xg and igb are obtained 
using equations (4,6) to (4,9): 
Cg = 
Cgb = 
% = 
Tgb = 
1 
^^'y. 
1 
Rgb^^gh 
1 
1 
CgRg 
= Cgb Rgb 
(4,6) 
(4.7) 
(4.8) 
(4.9) 
'K* 
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The values of equivalent circuit parameters of both grain and grain 
boundary contributions deduced from the impedance plots of x = 0.25 are 
summarized in Table 4.4, It is clearly evident that the ionic conductivity 
of BIHFVOX electrolyte is principally due to the grain contribution. This 
is logically referred to, that firstly, the values of Rg are much higher than 
that of Rgb at constant temperature, secondly, the faster reduction in Rg 
with increasing temperature. As could be expected, Cgb is found to be 10 
Times higher than Cg. This, however, suggests the increase in the 
permittivity associated with charge accumulation at the grain boundaries. 
Therefore, the total permittivity of the samples is mainly attributed to 
the contribution from grain boundaries. This contribution is observed 
anomalously low at lOO^C. 
It is also found that the frequency of the semicircle maxima of 
grain contribution to the total conductivity shifts to higher values with 
the increase in temperature which, therefore, proved the temperature 
dependence of relaxation dispersion of grain conductivity i.e. the 
relaxation dispersion is thermally activated and shifts towards higher 
frequencies with increasing temperature, 
Kenzionis et al, [35] assumed that Xg represents the mean time 
between two consecutive jumps of an oxide ion vacancy. The 
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diffiision coefficient (D) of oxide ion vacancies can be related to ig by 
the expression: 
D =IJL = rJL^^ (4.10) 
atg a 
where d^  is the mean square jump distance between two adjacent anion 
sites in the crystal lattice, y is the correlation factor and a is the 
geometric factor. For two dimensional diflftision, a = 4 . Thus, the 
remarkable decrease in Xg with increasing temperature indicates the 
short -range diffiisibility of oxide ion vacancies within the grains. 
4,3.5. Temperature dependence of conductivity 
Fig.4.12 exhibits the Arrhenius plots of the conductivity for the 
system Bi4HfxV2-xOn_(x/2>-8at various compositions on heating cycle. For 
x = 0.05, the Arrhenius plot can distinctly be divided into three-line 
regions associated with the existence of two principal phase transitions, 
a<->j3 and p-^ -^ y which are well characterized by the thermal hysteresis at 
the discontinuities observed in the subsequent cooling run. This 
conductivity behaviour exhibited by x= 0.05 composition is in reasonable 
agreement with the results previously obtained from the DSC and X-
ray powder diffraction analysis which are typically shown for the low 
compositions of other BIMEVOXes [5, 9, 10, 21, 23]. 
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Fig.4.12: Arrhenius plots of conductivity on heating for Bi4HfxV2_xOi I_(X/2H ' 
0.05< X <0.40. 
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However, the existence of only two obvious line regions in the 
Arrhenius plots for 0.15< x ^ .20 and occurrence of thermal hysteresis at 
the discontinuity during the cooling run are associated with the p*-^ 
transition. Fig.4,13 shows the Arrhenius plot of conductivity on heating-
cooling cycle for x= 0.20 along with DSC thermogram. The two line 
regions of different activation energy with significant thermal hysteresis 
observed at the discontinuity during cooling run are directly associated 
with p- and y- stability region, as already revealed by X- ray powder 
diffraction analysis. It is noticed that the stability region of y- phase on 
cooling run is highly pronounced compared to the same on heating , 
suggesting slow kinetics of |3-<->y transition[ll]. The ^<-^ transition 
temperature deduced from the Arrhenius plot is found to be in the range 
of 360 - 380 °C, while the endothermic peak in DSC thermogram is 
observed around 426 °C. However, this small difference in the transition 
temperature as measured by the two techniques is attributed to the 
difference in the timescales of the two experiments [5,11,12], as the DSC 
heating rate is much faster than that used in the conductivity 
measurements. It is interesting to note that the Arrhenius plots, in 
composition range 0.25 < x < 0.40, exhibit two line regions but with no 
significant discontinuity between low and high temperature regions. 
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Fig.4.13: Combined Arrhenius plot of conductivity and DSC thermogram 
ofBi4HfxV2_xO, j_(x/2)-6 for =0.20. Inset shows details of thermal 
hysteresis in high temperature region. 
Arrhenius plot of conductivity for x=0.40 is presented in Fig.4.14. The 
two line regions are well judged by the point at which the change in 
activation energy (slope) is observed and somewhat accompanied with 
very low thermal hysteresis during the subsequent cooling run. It is 
evident that such behaviours are clearly indicative of y- BIMEVOXes. 
Thus, the conductivity of low temperature region can be referred to a 
subtle incommensurate ordering of oxide ion vacancies in vanadate layers, 
while that of high temperatures is entirely associated with fully 
disordered y- phase. The reproducibility in conductivity between heating 
and cooling run is however clear evidence of relatively fast kinetics and 
reversibility of Y*-*y transition i.e. relatively fast quenching from high 
temperatures preserves the fully disordered y- phase structure [21, 36]. 
Moreover, the Fig.4.14 shows a relatively small thermal hysteresis around 
660 *'C on cooling run which is an evidence for reversible P'-*-^ transition. 
It is noted that no significant discontinuity corresponding to this 
transformation is observed in the Arrhenius plot. The disappearance of 
discontinuity is accounted for two reasons; first, the mobility of oxide ion 
vacancies in both fully disordered y- and high temperature P - phases are 
comparable due to which the relative conductivity of each polymorph can 
not be resolved from net conductivity at high temperatures. Second, the 
relatively fast kinetics of the progressive y—*P' transition which is clearly 
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Fig.4.14: Combined Arrhenius plot of conductivity and DSC thermogram 
of Bi4HfxV2-xO|i_(x/2)-^  for x=0.40. Inset shows details of 
differential thermal effect. 
173 
reflected by the low thermal hysteresis observed in the Arrhenius plot in 
the cooling run. It is worthwhile to note that the thermal hysteresis 
associated with y*-^^' transition is only visible on first and second 
heating-cooling runs, while on the third one, it is almost reproducible as a 
result of fiirther annealation. Thermal conductivity parameters for 
Bi4HfxV2-xOii_(x/2)-6 system as a function of composition are summarized 
in Table 4.5. The activation energies Ea(i) and Ea(2) of low and high 
temperature regions, respectively, for various compositions were 
obtained by a linear regression fitting to the Arrhenius equation: 
— E 
c r r = D e x p ( - ^ ) (4.11) 
The constancy in the conductivity of the y-stabilized BIHFVOX in 
both high and low temperature regions is also observed with negligible 
thermal hystereis on a subsequent heating-cooling cycles as shown in 
Fig.4.14. This, however, suggests relatively fast kinetics for y'<-yy 
transition. 
The variation in the ionic conductivity with the composition for the 
system Bi4HfxV2_xOii_(x/2>^ is presented in Fig.4.15. The low temperature 
conductivity, denoted by 0340, gradually increases in the composition 
range corresponding to the a - and |3-phase stability, as clearly reflected 
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also by the gradual decrease in the low temperature activation energy Ea(i), 
followed by a sudden drop and levelling off in the y-phase stability range. 
The variation shows a maximum at x = 0.25 (7.31 x 10"^  S.cm'). 
However, the gradual increase in the conductivity prior to the range of 
the y-phase stability, is attributed to the increase in the concentration of 
vacancies located in equatorial planes of the (VOs.sDo.s ) pervoskite 
layer available for oxide ion migration between Hf-tetrahedra and Hf -
Octahedra [37, 38], while the sharp drop in the conductivity with 
otherwise increased vacancy concentration is due to the defect pair 
formation (e.g. Hf*^  and V'o), where both the vacancy concentration and 
the pathways of 0^~ motion are optimized [25, 39]. The high temperature 
conductivity, denoted by 0560, decreases sharply followed by the levelling 
off until x = 0.40 which is typically observed in other BIMEVOXes as 
well. The variation of 0550 can also manifest itself in the mirrored 
variation of the high temperature activation energy Ea(2) with the 
composition. 
4.4. Conclusions 
In the system Bi4HfxV2_xOi HX/2H, the thermal beiiaviour of 
polymorphism and electrical conductivity against die composition has 
been carefully examined. The very low composition x= 0.05 mimics the 
parent compound in exhibiting the two consecutives phase 
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transformations, a-<-*P<->Y, with slightly different onset temperatures. For 
relatively higher compositions 0.15 < x < 0.20, the existence of p<->Y 
transition is well characterized and typified in Arrhenius plots. The 
tetragonal y-phase could be stabili2Kd to room temperature for the 
composition range 0.25 < x < 0.40. 
It is interesting to note that the increased concentration of large 
sized Hf*^  dopant in the composition range of y- phase stability has an 
effective role in distortion of the fiilly disordered tetragonal structure at 
higher temperature. The destructive y-^P' transition has been clearly 
evidenced by variable temperature XRPD and DTA for x= 0.40 and also 
typified in Arrhenius plot at 560°C. 
AC impedance analysis performed for y-BIHFVOX at x = 0.25, 
revealed the fact that the ionic conductivity is mainly due to the 
contribution of the grains which can also be reflected in enhancing the 
short-range relaxation of vacancy diffusion in the grains as the 
temperature increases. In low temperatures region, the composition 
X = 0.25 shows a significant maximum, which is coupled with lowering in 
the corresponding activation energy. 
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Cfiapter - 5 
SttuCy qfpfiase transitions 
and ionic conductivity in 
mceV o _ , ^ 
4 JC 2-x^ 11-(3^2)-d 
5.1. Introduction 
Solid electrolytes are generally solids that exhibit high conductivity 
comparable to those of the best liquid electrolytes in absence of 
significant electronic contribution. The conductivity of solid electrolytes 
arises from mobility of either cations or anions but not both as in liquid 
electrolytes. Many researches have been made on materials which show 
fast cationic conduction, such as, Ag^,Li^,Na^,...etc. while some others 
have paid attention towards development of anionic conducting solids, 
essentially O ion conductors because of their application as electrolytes 
in fuel cells, oxygen pumps and gas sensors [1]. For instance, 8-phase of 
Bi203 at 730**C has a fluorite-type structure with highly deficient oxygen 
sublattice. However, the thermodynamic instability as well as the 
volatilization of Bi203 at moderate temperatures, limits its application as 
electrolyte in high temperature-SOFCs. Therefore, many attempts have 
been made for stabilization of 5-Bi203phase down to temperature below 
730°C by substitution of Bi with rare-earth dopants, such as Y, Dy, 
Er, ,etc. [2-8]. 
In 1988, Abraham et ah [9] discovered the high oxide ion 
conductivity in Bi4V20n compound which structurally belongs to layered 
Aurivillius-type of compounds. Its structure is generally built up from 
(Bi202)^^ layers separated by (An-iB„03„+i)^~ perovskite-like slabs, where 
184 
n represents the thickness of the perovskite layers in terms of B06 
octahedra. This compound can be formulated as (BijOsr (VO3 sDo.s) 
where n is an oxide ion vacancy, responsible for the remarkably high ion 
conductivity. 
Depending on the temperature, Bi4V20ii exhibits three polymorphs, 
denoted; a(monoclinic), P (orthorhombic) and y (tetragonal) and two 
successive phase transitions; a<->p and p<->y at about 445 and 567*'C 
respectively. The relationship between the polymorph unit cell 
parameters are: monoclinic-a; a = = 6 a n i , b ~ b m , c ~ Cn„P=89.756° , 
orthorhombic-a ;a ~3am, b==bn„ c^^m; orthorhombic-p, a~2an„b=ibm,c=^m ; 
tetragonal-7, a~b=i am/V2, c=^n„ where the mean orthorhombic cell is a^ , 
« 5.53, b„,« 5.61 and Cm « 15.29 A[10]. 
The conductivity of a and P phases of Bi4V20i 1 is low at low 
temperatures, due to ordering of oxide ion vacancies, while these 
vacancies become most disordered in y— phase at higher temperatures 
which possesses a good ionic conductivity. However, the partial 
substitution of isovalent or aliovalent cations e.g. 
Cu^*,Ni^ *,Co^ ,^Ti'* ,^Zr'* ,^etc. suppresses Y<->P and Y<->a phase transitions 
by stabilizing the high temperature y-^hase of the parent Bi4V20i 1 down 
to room temperature, resulting in a new family of BIMEVOX, where ME 
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is the metal selected for substitution of V. It has been found that the 
degree of ionic conductivity depends on the metal selected as well as on 
the level of substitution. Among these BIMEVOXes, maximum 
conductivity was reported so far for Bi4Cuo.2Vi.80io.7 (~10~ S.cm~ at 
300*^ C) which becomes a good candidate for electrolyte in IT-SOFC [11]. 
On the basis of X-ray and neutron powder diffraction studies, the 
conduction mechanism in y- BIMEVOX has been proposed which 
involves the positional exchange of oxide ions and vacancies in the 
equatorial plane of (VO3.5 Dos) layer [10, 12]. 
In this chapter, we present an investigation to rationalize the 
relationship between the phase transition and ionic conductivity in 
BICEVOX, formulated as Bi4CexV2-xOn^x/7) '^ over the composition 
range 0<x<0 .30 . 
5.2. Experimental 
Bi4CexV2-xOi i_(x/2^ 8; 0< X < 0.30 samples were prepared by solid-
state reaction from stoichiometric amounts of chemically pure oxides 
according to reaction equation: 
2Bi203 +(l-x/2) V205+xCe02-» Bi4CexV2_xO,HX/2^^ (5.1) 
The starting oxides were thoroughly mixed in an acetone-toluene 
solvent (1:1) by agate mortar to achieve a homogeneous paste. The 
resulting pastes were then calcined at 700°C for 20 hours with fiirther 
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intermediate grinding and treating by acetone-toluene solvent. Calcined 
powders were compacted, using spectralab SL-89 at a pressure of 980 
MPa to obtain pellets of approximately same dimensions. The so-
prepared pellets were sintered at 800'*C for 12 hours and slowly cooled in 
air to room temperature. 
Differential thermal analysis (DTA) measurements were carried 
out on a thermal analyzer (DSC/DTA-60). The analysis was performed 
on approximately weighed 15 mg dry sample, placed in an alumina cell in 
N2 environment. The flow rate of N2 was maintained at 30 ml/min with 
heating rate of lO'^ C/min from ambient to lOOO^C. 
X-ray powder diffraction analysis was performed for various 
compositions at ambient temperature by using a Rigaku/Max-B 
diffractometer equipped with Ni-filtered radiation CuKa (A,=1.54060 A) 
in 20 range of 5-90" with steps of 0.05" and scantime of 0.6/step. The 
sample powder was held on Si02 strip arranged in 0/29 geometry. The 
variable temperature X-ray powder diffraction data were collected at 
50°C temperature intervals from ambient up to 700"C in the range of 5 -
12O",20, in steps of 0.02", on a Philips X' Pert X-ray diffractometer using 
Ni-filtered CuKa radiation (Xi=1.54060 and X,2=l .54443 A) with Anton-
Paar HTK 16 high temperature camera. Data were collected in flat plate 
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0/20 geometry on Pt sample holder. Unit cell parameters were refined on 
powder X software program with an accuracy of dt 0.002 A. 
FT-IR spectra were recorded on a Perkin Elmer 1 spectromoter in 
transmittance mode over wavenumber region of 4000-400 cm' . The 
sample powder was diluted to exactly 10% w/w by analytical grade KBr. 
Electrical measurements were performed on AC impedance 
analyzer LCR HI-Tester (HIOKI 3532-50) and GENRAD 1659 RLC 
Digibridge. Silver electrodes were applied on both sides of the so-
sintered pellet. The heating rate was maintained at l°C/min fi-om ambient 
to 800''C. In order to construct Arrhenius plots, the data were collected in 
steps of 20^C in both heating and cooling runs after 15 min of 
temperature stabilization. A Zview program was used for a non-linear 
fittmg of the impedance spectra. 
53 . Results and Discussion 
5.3.1. Differential themtal analysis 
DTA thermograms for Bi4CexV2-xOi i-(xy2)-6 as a ftmction of dopant 
concentration are illustrated in Fig.5.1. It is noticed that there are two 
strong endothermic peaks for composition range 0<x< 0.15, which are 
evidences for the existence of consecutive a<-^ P<-^ y transitions [13-15]. 
The small variation in the onset temperature of these transitions with 
dopant concentration shows slight dependence of transition temperature 
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Fig.5.1: DTA thermograms of Bi4CexV2-xOii^ x/2)-8 versus the 
composition. 
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on the compositional variation. This indicates that no structural changes 
are involved in phase transition with varying the composition in this 
range. The temperature dependence of the different transitions and the 
corresponding enthalpies (heat flow per unit mass) are summarized in 
Table 5.1. It is also noticed that the AH decrease sharply on increasing 
composition which is typical for most members of the BIMEVOX family 
[16,17]. However, the existence of p-f^y transition in the system is clearly 
evident in the single endothermic peak observed for x=0.20, while a very 
small thermal effect detected for x=0.25 (AH=+3.27 J.g~' at 466°C) could 
be correlated with subtle incommensurate disordering of oxide ion 
vacancies in perovskite layers during the occurrence of Y'<->Y transition. 
Beyond this composition limit, the disordering phenomenon becomes 
discrete as observed in the plain thermogram for x=30. 
5.3,2. X-rt^ powder diffraction 
It is clear that using the DTA technique alone is insufficient to 
identify the composition dependence of phase transition. The 
crystallographic characterization is therefore important to justify this 
correlation. Fig.5.2 exhibits the X-ray powder diffraction patterns for 
Bi4CexV2_xOii_(x/2)^  versus composition at room temperature. It is noticed 
that a-^)olymorph is symmetrically maintained in monoclinic diffraction 
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Fig.5.2: Variation in the XRPD patterns of Bi4CexV2-xOii_(xy2>-8 as a 
function of composition at ambient temperature. Asterisks 
indicate BiV04 impurities. 
patterns for x< 0.15, evident in the presence of a characteristic sublattice 
doublet between 45.5M6.5^ 28 [18, 19].It is found that the unit cell 
parameters for x=0.15 are ; a~5.541 A, b=5.610 A, and c~15.317 A with 
p=90" as defined using monoclinic - a model, space group A2/m. The 
convergence of this doublet peak into sublattice singlet indexed as (220), 
is a clear evidence for stabilization of the metastable orthoihombic ^ 
phase to room temperature at x=0.20. However, the stabilization of 
tetragonal y-phase occurs for 5^.25 as reflected in convergence of a 
sublattice doublet at around 32.5**, 29 into singlet could be indexed in 
tetragonal cell as (HO) [18,20,21]. It is interesting to note that the 
dif&action pattern for x=0.25 can be judged equally well to either 
tetragonal or orthoriiombic phases with mean cell (a«5.603A, bw5.603A 
and c w 15.349A) and mean volume (481.86A^) with respect to P -phase 
model, space group Aha2. Table 5.2 lists the results of refined unit cell 
parameters in the BICEVOX system. It is likely to assign x=0.25 as 
compositional border between P- and y- phase stability as shown in the 
variation of unit cell parameters with composition (Fig.5.3). The 
stabilization of y-phase can be correlated fiuther witii the sharp increase 
in c-i)arameter beyond x=0.25. However, the general increase in c-
parameter over the composition range as a whole is typical for doped 
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Fig.5.3: Variation in the unit cell parameters of Bi4CexV2_xOn_(x/2)^ 5as a 
function of composition at ambient temperature. 
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Bi4V20ii [21-25] and is consistent with substitution of smaller 
V^ (^0.54A) by larger Ce^ '^ CO.QTA) in 6-folcl coordination geometry 
[26,27]. 
Furthermore, the study of temperature dependence of the 
polymorphism in the BICEVOX system has been completed with 
variable temperature XRPD data collected for some compositions. Fig.5.4 
shows the X-ray powder diffraction patterns for x=0.15 composition of 
Bi4CexV2-xOii_(x/2H ^^ heating run from ambient up to 700**C. The 
existence of the three principal polymorphs is clearly evident. In the 
temperature range of 25-400**C, the symmetry still remains monoclinic, 
while on increasing the temperature upto 500*'C, the symmetry is entirely 
converted to P-^hase. However, the stabilized y-phase at this limit of 
dopant concentration is found to start at 550"C, as the diffraction data at 
this temperature could be fitted equally well to both orthorhombic and 
tetragonal models with mean unit cell (a w b 3.9811 Aand C « 15.4572 A) 
with respect to tetragonal model. Such behaviour has been reported for 
the parent Bi4V20ii as well as for BIZRVOX system of approximately 
similar composition [15, 25]. The variation in the refined unit cell 
parameters a, b, and c defined in the mean orthorhombic cell, along with 
the cell volume for x=0.15 is shown in Fig.5.5. It can be noticed that 
there are three line regions associated with a<->p and p<->Y transitions. 
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Fig.5.4: Variation in the XRPD patterns of Bi4CexV2_x Oii-(x/2)- s for 
x=0.15 as a function of temperature. 
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Fig.5.5: Variation in the unit cell parameters of Bi4CexV2_x On_(x/2)-« for 
x=0.15 as a function of temperature. 
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The c-parameter increases linearly in a-and y-regions, while in ^ 
thermal stability regions, it remains constant. The increase in the volume 
of the unit cell within this region can be attributed only to the change in 
all parameters which is a typical behaviour for P-BIMEVOXes. It can be 
noticed that the BiV04 impurities, accompanying the preparation of 
BICEVOX system with x=0.15, significantly increase with increasing the 
temperature fk)m ambient to 350**C and thereafter disappear gradually at 
elevated temperatures. This is clearly evident in the variation of the 
relative intensity of a shoulder-like peak observed at around 29**, 20 
(Fig.5.4), assigned to the BiV04 phase. However, a sudden increase in the 
relative intensity of this peak is evidently exhibited at 500 "C in the 
variation of XRPD pattern for x= 0.25 as a flmction of temperature 
(Fig.5.6). 
Fig.5.6 indicates the stabilization of y-BICEVOX at room temperature, 
as no structural changes have been significantly observed when the 
diffraction data collected at this range of temperatures were fitted to y-
tetragonal model. Fig.5.7 shows the variation of unit cell parameters and 
volume of y-phase with the temperature. Although, no subtle change in 
the unit cell parameters is clearly observed within the thermal stability 
range of y-polymorph which could be s^sociated with the existence 
of an order-disorder, y'<-> y phase transition, there are other evidences 
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supporting the occurrence of such transition Uke the satellite intensities 
located at around 47", 20 which were found to vanish in XRD pattern at 
450*'C, nearly corresponding to the small endothermic effect detected in 
DTA thermogram. 
5,3J. FT-IR Spectroscopy 
FT-IR spectra for Bi4CexV2-xOii_(x/2)-5 system are illustrated in 
Fig.5.8. It is clearly noticed that the parent compound (x=0.0) exhibits the 
IR spectrum of a-Bi4V20ii as reported in literature [28]. The bands 
observed in the frequency range from 527 to 990 cm~' are associated with 
the vibration of VO4 tetrahedra. The fine structures seen in these bands 
are attributed to the distortion of VO4, resulting from the variation of (V-
O) bond length in the range of 1.84-1.79 A as explored earlier [29]. An 
absorption band at 439 cm"' could properly be assigned to stretching 
vibration of the Bi-O bond [30,31]- However, all the spectra of 
BICE VOX show some similarity with that of the parent compound which 
also typify some dominant features as in IR spectrum of CeV04 [32]. The 
band at 763 or 748 cm"' observed for x > 0.20 is assigned to the 
stretching vibration of the Ce-O bond. Table 5.3 lists the IR bands for 
BICEVOX versus composition. 
Although, IR spectroscopy does not enable us to discriminate 
between tetrahedral and octahedral coordination of vanadium in the VO4, 
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Fig.5.8: FT-IR spectra for Bi4CexV2-xOii_(x/2)-5 versus the composition. 
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the disappearance of the fine structures in VO4 vibration region with 
increasing dopant concentration indicates a crystallographic distortion in 
the vanadate anion structure [33, 34]. It is also noticed that Vs(V-0) and 
Vas (V-O) shift to lower frequencies with increase in Ce content, while 
v(Bi-0) remains nearly unchanged. This contraction in V-O bond 
reflects the major substitution of Ce'*^  for V^^ . 
5.3.4. AC impedance analysis 
A Nyquist diagram or Cole-Cole plot can be represented in terms 
of any of the four possible complex formalisms, namely the impedance 
(Z*), the admittance (Y*), the permittivity (e*) and the electric modulus 
(M*) which are correlated to each other and to the dielectric loss or 
dissipation factor (tan 6) as follows: 
ZVZ" = TA^' = E'VE' = M"/M' = tan 6 (5.2) 
The complex impedance is defined by: 
Z*(co) = Z'+jZ";j=V=T (5.3) 
where, Z' and Z" are the real and imaginary parts of the complex 
impedance. 
Based on the frequency of the applied electric field, the impedance 
plane plot of most BIMEVOXes [35-37] below 400*'C typically exhibits 
two semicircles, one appears at a high frequency region, which is 
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attributed to the conductivity of grains, and another is observed at a low-
frequency region, associated with the blocking effects of charge carriers 
at grain boundaries. Besides the electrolyte impedance, an additional 
inclined spike is also observed at extremely low frequencies and is clearly 
separated from the electrolyte semicircles. This inclined spike is due to 
the impedance of electrolyte-electrode interface and supports the idea 
that the conductivity is mainly attributed to the motion of the oxide ion 
vacancies through the grain boundaries [38]. 
Complex impedance spectra of Bi4CexV2_xOii_(x/2)-5 for four 
selected compositions at IIS^C and 155T are shown in Fig.5.9 and 
Fig.5.10 respectively. It can be noticed that the impedance plane plot for 
x=0.10 at IIS'^C presented in Fig.5.9 exhibits a single broadened 
semicircle, resulting from overlapping of both grain and grain boundary 
contribution usually encountered at lower temperatures. On increasing 
temperature, the two contributions are separated and clearly evident in 
two individual semicircles as shown in Fig.5.10. 
It is interesting to note that the inclined spike is invisible for low 
composition region (x< 0.15) at 115''C, which is attributed to the limited 
frequency range of impedance measurements (42-5x10* Hz).This 
indicates that the motion of oxide ion vacancies in the electrolyte-
electrode interface at lowest frequencies is negligible and is typical of 
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a-BIMEVOXes [35, 38]. However, it is found that the ionic polarization 
effect is much more pronounced at higher temperature, which is clearly 
evident in a small spike observed for x=0.15 at 155 (Fig.5.10). 
The grain (g) and grain boundary (gb) contributions to electrolyte 
impedance are modeled by a series combination of two parallel R-C 
equivalent circuits. According to Guillodo et al. [39], both contributions 
are characterized by a resistance Rj, a capacitance C; and a relaxation 
frequency f^ ax,! (i=g or gb). The values of Rj are estimated fi-om the 
intercept of the corresponding semicircle on the Z' -axis, while the values 
of Ci and a relaxation time X; are calculated as follows: 
C, = (5.4) 
27rf_,R. 
x . = - - ^ =CiRi (5.5) 
Table 5.4 lists the values of equivalent circuit parameters estimated 
from the impedance plane plots for Bi4CexV2_xOn_(x/2H at 115 and 155°C. 
It is noticed that for all compositions, the grain resistance, Rg at constant 
temperature is much larger than the grain boundary resistance, Rgb, 
suggesting the major contribution of grains to the ionic conductivity. A 
general pattern of behaviour is observed with varying composition: Rg 
drops sharply with increasing composition upto x=0.15 and then shows 
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a gradual increase. Similar variation is also exhibited by Rgb, indicating 
the role of dopant limit on specific electrical properties of BICEVOX 
material. In addition, the highest values of volume-extensive 
capacitances, and Cg and Cgb, are observed for x=0.15 which are 
indicative of optimal electrical permittivity of the sample, resulting from 
the increased charge accumulation at the grain boundaries [36], which is 
clearly reflected as well by the lowest values of corresponding relaxation 
times, Tg and tgb. 
It is worth mentioning the blocking effect in BICEVOX electrolyte. 
The blocking factor, ttgb represents the fraction of charge carrier being 
blocked at the corresponding microstructure defects and it is defined as: 
« . .=R. . /R. (5-6) 
where Rt is the total resistance: 
Rt=Rg+Rgb (5.7) 
It has been found that there is no significant correlation between 
the composition and agb, indicating the composition independence of 
density of intimate contacts between adjacent grains. However, an 
increase in average ttgb (from 0.25 at 115*'C to 0.33 at 155"C) is a clear 
evidence for the enhanced formation of space-charge layers in the 
vicinity of grain boundary on increasing temperature [40]. 
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5.3.5. Temperature dependence of conductivity 
Arrhenius plots of conductivity for Bi4CexV2-xOii_(x/2)-8 , on heating 
run are depicted in Fig.5.11. Based on the shape of the plot, three 
composition limits are adequately recognized. In the composition range 
0< X <0.15, where three line regions of different activation energies 
(slopes) are clearly observed, suggesting that this composition range is 
characteristic of the existence of the consecutive phase transition, a <-> P 
<->Y as previously revealed by DTA and X-ray powder dif&action data. 
Fig.5.12 shows the Arrhenius plot of heating and cooling runs for x=0.15. 
It is clearly evident that the thermal hysteresis on cooling run observed at 
the discontinuities is associated with the occurrence of a<-^ P and P<-»Y 
transitions. It is also noticed that the thermal hysteresis associated with the 
a <^ p transition is much larger than that with p<^ Y which is typical of 
BIMEVOXes at low substitution limits [15-17].This reflects that the 
a<^P transition is of significantly slower kinetics compared to p<->Y 
transition [41]. 
At x=0.20, the Arrhenius plot exhibits only two line regions 
attributed to the P<->Y transition as it is clear from X^^y diffraction data 
that the metastable p-type phase m significantly stabilized at room 
temperature. 
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Fig.5.11: Arrhenius plots of conductivity on heating for Bi4CexV2_xOii_(x/2)-6 ; 
0 < X < 0.30. 
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In the range 0.25 <x<0.30, two line regions are observed. But for 
these compositions, there is no clear discontinuity between the low and 
high temperature regions; merely a change in the activation energy takes 
place. Arrhenius plot on heating and cooling run for x=0.25 is presented 
in Fig.5.13. There is a major difference in activation energy between low 
and high temperature regions, but with no discontinuity at intermediate 
temperature. It is worthwhile to point out that the high temperature region 
represents the fully disordered y-i^hase, whereas the low temperature one 
is associated with subtle incommensurate ordering of oxide ion vacancies. 
The conductivity data alone is insufficient to justify the y'-f^ y 
transition for x= 0.25 but its combination with variable temperature 
XRPD and DTA results clearly support it [42]. The occurrence of such a 
transition is evident by the sulattice intensities, which vanish in XRPD 
pattern at 450 °C, nearly corresponding to the point of activation energy 
change observed in the Arrhenius plots and the small thermal effect 
( AH = +3.27 Jg~' at 466 °C ) detected in the DTA thermogram. However, 
the reproducibility in conductivity between heating and cooling runs with 
nearly negligible thermal hysteresis is a clear evidence for the rapid 
kinetics of y'<^Y transition and is a characteristic feature for y-
BIMEVOXes. 
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Fig.5.13: Combined Arrhenius plot of conductivity and DTA thermogram 
of Bi4CexV2-xOn_(x/2)-6 for x=0.25. Inset shows enlarged view of 
endothermic peak. 
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The variation in the conductivity of low and high temperature regions 
with composition is illustrated in Fig.5,14. Our literature survey and our 
own conducting works as well on BIMEVOXes, indicate that the low 
temperature conductivity usually exhibits a general increase in a - and P-
stability regions of composition. This is followed by either a sudden drop 
or leveling off in y- or polyphasic region, leading to a maximum around 
the upper limit of the solid solution. 
On the contrary, in the system BICEVOX, the conductivity at 
320°C (CT320) gradually decreases with composition upto x=0.20 (ca. 4.08 
xlO"^ S .cm ) and eventually increases sharply in the stability region of 
y-phase. Table.5.5 summarizes the conductivity data for studied 
compositions and activation energies calculated from least square fits to 
the linear regressions of the low and high temperature regions. It is 
noticed that the variation of 0320 is clearly mirrored in the increase in low 
temperature activation energy, denoted by Ea(i), upto x=0.20 (ca. 0.55eV) 
which is thereafter followed by a sudden increase. The unexpected 
variation in low temperature conductivities prior to ca. x=0.25 is likely 
due to the increased ordering of oxide ion vacancies, particularly in the 
equatorial plane of perovskite-like slab in both a - and p-polymorphs, 
resulting in a drop in the diffusion process even thou^ with increasing 
vacancy concentration. This reflects a strong anisotropic interaction 
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,4+ between an oxide vacancy and highly charged Ce ion of large ionic 
radius. 
It is also noticed that on increasing the x value, the high 
temperature conductivity, ayoo shows a typical decay which is also 
reflected in the increase in Ea(2) over composition range except for x=0.25, 
where a local minimum is clearly observed (ca. 0.35 eV), associated with 
some vacancy ordering phenomena in oxygen sublattice. Generally, the 
variation of high temperature conductivities for BICEVOX as a function 
of composition is typical of most di-, tri-, and tetravalent doped systems 
[13, 14, 21-25, 43,44], and is correlated with the lowering of the ratio of 
vanadium octahedra and tetrahedra with increasing the dopant level and 
consequently the number of available oxide ions in equatorial positions 
on V octahedra decreases as explained earlier by Abrahams et al. [12]. 
5.4. Conclusions 
In the system Bi4CexV2-xOn.(x/2)-8, the substitution at low dopant levels 
shows no remarkable change in the symmetry upto x=0.15. Typical 
consecutive phase transitions, a< p^<->Y, are clearly exhibited for these 
low compositions, suggesting the some resemblance with the parent 
compound. 
Impedance analysis indicates that no relationship between the 
blocking effect of charge carriers and structural changes at ambient 
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temperatures. However, the temperature dependence of conductivity was 
correlated with the stability region of various phases within the system. 
It is likely that the long-term stabilization of a - and P- polymorphs 
is a major factor of discrepancy observed in the variation of low 
temperature conductivities with composition. The knowledge of the real 
defect structure of these polymorphic forms is a prerequisite to 
understand the interaction between Ce'*^  ion and oxide ion vacancy in the 
vanadate layer and to rationalize the role of the defect trapping effects in 
CeA^ polyhedra, which should be paid attention to by the workers on 
crystal structure determination. 
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ConcCusions 
The BIMEVOXes are a large family of Aurvillius structural type of 
compounds that can be derived by the partial substitution of V in the 
parent compound by a variety of cations almost irrespective of their ionic 
radius. 
This work has been devoted to study the correlation between the 
polymorphism and conductivity behaviour in new solid electrolytes, 
belonging to this family, which can be formulated as Bi4MexV2_xOi i_{(5_ 
n)xJ2]-d', where Me = Cd^ ,^ Hf*^  and Ce"*^  cation. These three systems have 
been synthyesized by the standard solid state reactions over particular 
composition ranges below which all the possible compositionally 
dependent phases can be noticed. Many advanced techniques have been 
employed in this investigation, such as X-ray powder diffraction, thermal 
analysis (DSC/DTA), FT-IR and AC impedance spectroscopy. 
It has been found that the stabilization of a-and ^-polymorphs to 
room temperature, with respect to Cd^^-and Hf* - substituted system, 
takes place remarkably at a low dopant concentration similar to that in 
other BIMEVOXes. While in BICEVOX system, the substitution with a 
low dopant concentration shows no significant change in the symmetry in 
comparison with the parent compound upto x=0.15. This was typically 
evidenced by the existence of the consecutive a<->^<r^y transitions at this 
value of X, suggesting a long-range stabilization of a-and P-phases. 
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However, the highly conducting y-phase was effectively stabilized with 
relatively low dopant concentrations for Cd -substituted sytem (x>0.175) 
compared to that for the BIHFVOX and BICEVOX systems (x>0.25). 
This is in a reasonable agreement with the variation in the effective ionic 
radius of the dopant cation. In all cases, neither a sudden nor a subtle 
change in the variation of the unit cell parameters as a function of 
temperature was observed in composition stability limits of the stabilized 
y-phase, which would be a strict evidence for the y'<->y transition. Despite 
this, the existence of such transition was evidently proved by some 
complex incommensurate modulations observed in the variable 
temperature XRPD, Arrhenius plot of conductivity and DSC/DTA data. 
Interestingly, it has been noted that the increased concentrations of 
highly charged Hf*^  ion in the composition range of y-polymorph 
stability have an effective role in the collapsing of the fully disordered y-
phase at higher temperature to orthorhombic P'-phase, usually observed 
at lower temperatures. The reversibility of the y<->p' transition has been 
clearly evidenced by both DTA thermograms and Arrhenius plots for 
x=O.40 on the first heating-cooling cycle. However, such unexpected 
transition has not been reported yet for any other member of the 
BIMEVOX family. 
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The AC impedance spectroscopic investigations have revealed the 
following facts: 
(i) Generally, the ionic conductivity exhibited by these electrolyte 
materials is essentially due to the grain contribution to the total 
conductivity, 
(ii) The vacancy diffusion within the grains shows a short-range 
relaxation with increasing the temperature, 
(iii) There is a significant increase in the formation of space-charge 
layers within the grain boundaries with increasing the 
temperature, 
(iv) The density of intimate contacts between adjacent grains of the 
electrolyte materials is compositionally independent. 
Contrary to what has been noticed with most BIMEVOXes, the electrical 
conductivity exhibited by the BICDVOX system on cooling run is 
significantly lower than that on heating run, particularly in the region of 
the thermal hysteresis associated with the occurrence of phase transitions, 
which has been attributed to a delayed re-oxidation of V* .^ 
Like other BIMEVOXes, all the systems showed a general decay in 
higher temperature conductivities on increasing the composition with an 
increasing trend in the corresponding activation energies of conduction, 
while lower temperature conductivities had maxima almost in 
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composition ranges of tiie stabilized y-phase, except for the BICEVOX 
system, where a minimum was observed at ca. x=0.20, which is likely 
due to the increased ordering of vacancies, resulting from the long-term 
stabilization of a-and P-polymorphs. Nevertheless, knowledge of the 
real defect structure of the polymorphic forms in the BICEVOX system is 
a prerequisite to understand the interaction between Ce'*^  ion and oxide 
ion vacancy in the equatorial plane of perovskite-like slabs and to 
rationalize the role of the defect trapping effects in Ce/V polyhedra, 
which should be paid attention to by the workers on the crystal structure 
determination. 
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